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CHAPTERR 1 

Generall  introductio n 

Regulatorss of hepatic glucose and glycogen metabolism 
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Introduction Introduction 

GeneralGeneral introduction 

Inn healthy humans glucose production is a tightly regulated process, guaranteeing 

glucosee disposal to vital organs, among which the brain, and in a tight balance with 

glucosee uptake, maintaining plasma glucose concentration around 5,5 mmol/1. 

Afterr an overnight fast, in the absence of exogenous supply, glucose is produced 

endogenouslyy by the liver and kidney, the only two organs with the enzyme 

glucose-6-phosphatasee (G-ó-P356) able to dephosphorylate gIucose-6-phosphate 

(G-6-P),, allowing glucose to leave the cell. The liver contributes to endogenous 

glucosee production by glycogenosis and gluconeogenesis, the kidney only 

contributess to glucose production through gluconeogenesis (1). 

Hepaticc glucose (including glycogen) metabolism is regulated by a combination of 

endocrine,, neural, neuro-endocrine, immunological, vascular, autocrine, paracrine 

factors,, substrate availability, and other mechanisms which have shown to 

influencee hepatic glucose metabolism mechanisms in health and disease. In human 

studiess in which somatostatin blocked 80% of the insulin and glucagon secretion, 

hepaticc glucose production decreased only transiently and then returned to the 

basall  rate (2). Similarly, a minor increase in plasma insulin decreased glucose 

productionn but only transiently, indicating the importance of autoregulatory 

mechanismss (3). This indicates that other factors, in addition to insulin and 

glucagon,, maintain basal glucose production, factors which may be intra- and/or 

extrahepatic. . 

Thee tight orchestration of all the influences is complex and essential, and may fail 

inn disease. The understanding of the pathophysiology of hepatic glucose and 

glycogenn metabolism starts with the understanding of its physiology. The 

physiologyy can be studied in in vitro systems, allowing observations in well 

definedd isolated processes, and/or in vivo, in animals and humans, forcing to take 

intoo account the orchestra of physiological or pathological influences on hepatic 

glucosee metabolism. As much as knowledge of physiology is needed to recognize 

pathophysiology,, diseases with known characteristic features can also serve as a 

modell  to investigate physiology. 

Ann overview of current knowledge of the regulation of basal glucose metabolism 

shalll  be given, after which known influences of hormones, different mediators, and 

otherr factors that form the "orchestra" regulating glucose metabolism will be 
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described.. The different isotopic methods that were used in this thesis will be also 

discussed,, providing additional schemes to visualize the pathways we studied. 

BalanceBalance between glucose production and uptake 

Plasmaa glucose concentration is the resultant of glucose production and glucose 

utilizationn (disposal). One third of an oral glucose load is taken up by muscle and 

fat,, one third is taken up by the liver, and one third is taken up by non-insulin 

dependentt tissue (4). In dogs given an oral glucose load, insulin increased fivefold, 

andd the absorption and disposition of the glucose load was complete within 2.5 hr 

(4).. Would glucose production cease without concomitant inhibition on glucose 

utilizationn in the post-absorptive state, then plasma glucose concentration would be 

halvedd within an hour (2.5). A plasma glucose level within the normal range is 

essentiall  for the functioning of many of our organs. Our brain depends for 90% of 

itss energy on glucose and it cannot synthesize or store glucose (5). In humans, the 

liverr and the kidney are the only organs with G-6-Pasc and therefore the onlv organs 

ablee to directly release glucose to the extracellular space, i.e. plasma. The 

regulationn of glucose homeostasis is a very tightly orchestrated "symphony". Small 

pathophysiologicall  changes can seriously disturb glucose homeostasis, as 

witnessedd by e.g. type 2 diabetes mcllitus, infection (e.g. malaria) and sepsis (6-9). 

hypoglycemiaa of the neonate (10). and liver cirrhosis (11.12) 

PathwaysPathways of hepatic glucose metabolism 

Glycogenn stores after an overnight fast are limited to approximately 70-150 g as 

measuredd by liver biopsy (13), or around 170 mmol/I liver volume as measured by 

C-NMRR spectroscopy (14)), whereas glucose consumption occurs at a rate of 

approximatelyy 225 g per day. It is obvious that glucose production cannot depend 

solelyy on glycogen stock. In the first 24 post-absorptive hours, glucose production 

wil ll  be mainly (55-65%) derived from glycogenolysis. and gluconeogenesis 

graduallyy becomes more important (15-17). Glucose production decreases during 

thee first 24 hrs of fasting, due to a decrease in glycogenolysis; the rate of 

gluconeogenesiss (in absolute values) tends to stay constant, but the proportional 

contributionn of gluconeogenesis to glucose production increases (4,15-17). 
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a)a) glycogen olysis 

Glycogenn is the storage form of glucose molecules. Muscle can only break down 

glycogenn into lactate, which then will be converted to glucose by the liver 

(gluconeogenesis).. Glycogenolysis in the liver is the process of debranching 

glucosee polymers by phosphorolysis into glucose-1-phosphate, which will then be 

convertedd to G-6-P, and leave the cell after dephosphorylation (18). Only the liver 

containss the necessary glycogen phosphorylasc in addition to G-6-P^c. G-6-PiSL 

dephosphorylatess G-6-P, allowing glucose to leave the cell. Glycogen 

phosphorvlasee a , the active form of the enzyme (i.e. activated by c-AMP), is the 

enzvmee responsible for glycogen breakdown (19). Glycogen breakdown can exist 

simultaneouslyy with glycogen synthesis, both in the fed state as during (prolonged) 

fastingg (16,20-22). 

Glycogenolysiss is inhibited by hyperglycemia (23). and influenced by classical 

glucoregulatoryy hormones, such as insulin, glucagon, Cortisol, and catecholamines 

(seee below). 

b)b) gluconeogenesis 

Gluconeogenesiss is the process by which glucose (a hexose) is formed from two 

trioses,, such as lactate, pyruvate, dihydroxyacetone. glycerol, and gluconeogenic 

aminoacidss (e.g. alanine, glutamatc, glutamine). Rate limiting gluconeogenic 

enzymess are pyruvate carboxylase and phosphoenolpyruvate carboxykinase 

(18,22).. Data from liver biopsies, splanchnic catherization studies, NMR-

spectroscopyy and stable isotope studies show that after an overnight fast, 

gluconeogenesiss accounts for 20-65% to total hepatic glucose production, the 

variationn partly explained by the use of different techniques (14-17,24,25). There is 

lesss controversy about the dominance of gluconeogenesis after long-term fasting; 

afterr 66hrs of fasting, glucose production is almost entirely (over 95%) 

gluconeogenesis-derivedd (16,17,26,27). Gluconeogenesis is influenced by 

precursorr supply and by glucoregulatory hormones (see below) (28-31). 

Althoughh many isotopic and splanchnic balance techniques have been developed, 

theree is at present no golden standard for measurement of gluconeogenesis in vivo 

(seee below) (32). 
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FigFig 1. Pathways of hepatic glucose production 

c)c) glycogen synthesis 

Glycogenn synthesis is the process by which glucose molecules can be branched as 

polymerss and stored in the liver (and the muscle) for later use (19). Glycogen 

synthasee b is activated into the active form glycogen synthase a by glycogen 

synthasee phosphatase. G-6-P is a very stong activator of glycogen synthase, and 
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insulinn is also a strong stimulator of glycogen synthase (18,22,23). Glycogen 

synthesiss is most active during feeding, when it is stimulated by insulin and 

glucosee uptake in the cell, increasing G-6-P concentrations (33). Glycogen 

depositionn can occur at the same time as glycogen breakdown, both in the fed state 

ass during fasting; this was shown both with 13C-NMR spectroscopy, and by 

measuringg the activities of glycogen synthase and phosphorylase in isolated livers 

(20-22,33).. During fasting, glycogen breakdown quantitatively outweighs glycogen 

synthesis,, resulting in a linear decrease in liver glycogen, at least in the first 24 hrs 

off  fasting (20,21). Liver biopsy samples obtained after a 24-48 hr fast in healthy 

subjectss however reveal virtually complete disappearance of glycogen (10, 11), 

althoughh after 60 hrs of fasting glycogen synthesis and glycogen breakdown were 

shownn to be near equal (16) showing that the existence of glycogen content is not a 

prerequisitee for continuing glycogen turnover. 

glycogenn synthase phosphatase 

glycogenn synthase b 

inactive inactive 

 glycog glycogenn synthase a 

active active 

UDP-glucosee and G-6-P 

glycogenn phosphorylase a 

active active 

Pi i 

// ^ glycogen phosphorylase b 

inactive inactive 

glycogen n glucose-1-P P 

FigFig 2. Actors on glycogen synthesis and breakdown 

ContributionContribution of the kidney 

Thee kidney contributes to gluconeogenesis in post-absorptive glucose production, 

althoughh the quantitative contribution is still not clearly defined (34). The kidney 
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contributess only to gluconeogenesis, and mainly from glutamine as a substrate 

(135).. Whereas the renal medulla can take up glucose, the release of glucose is 

confinedd to the renal cortex. This is due to the enzymatic distribution in the kidney. 

Thee renal medulla is able to phosphors late glucose and is glycolytically active, but 

itt lacks G-6-Pase and other gluconeogenic enzymes. It would therefore not be able to 

releasee any glycogen it may have accumulated. The renal medulla is even an 

obligatoryy consumer of glucose, like the brain. The renal cortex, although it 

possessess gluconeogenic enzymes and G-6-P;se. has littl e phosphorylating capacity, 

andd therefore cannot not store appreciable glycogen (1). In post-absorptive humans, 

thee renal contribution to overall glucose production has been reported to be 

betweenn 5% and 28% (136). Ekberg et al. and Meyer et al. have stated that during 

prolongedd fasting (60 hrs of fasting), the renal contribution to glucose production 

mayy be 20-25% of total glucose production (136). Renal gluconeogenesis has been 

saidd to be responsible for 40% of total gluconeogenesis (1). 

RegulationRegulation of glucose production 

a)a) autoregulation 

Basall  glucose production (i.e. in rest and after an overnight fast) is the sum of 

glycogenolysiss and gluconeogenesis. Both these pathways appear to be 

interrelated,, as an increase in glycogenolysis in general leads to a decrease in 

gluconeogenesiss and vice versa so that net glucose production remains unaffected. 

Thiss mechanism is not dependent on glucoregulatory hormones, and seems to be an 

intrinsicc warrant for glucose homeostasis, mainly important for our brain (3,29,37-

40). . 

Inn disease, e.g. type 2 diabetes mcllitus, autoregulation may become defective, 

resultingg in an increase or decrease in glucose production (38,41.42). Besides 

gluconeogenesis.. glycogenolysis and glycogen synthesis, cycli via G-6-P and 

glycogenn are active (43-45). The absence of an effect on net glucose production 

thereforee does not necessarily exclude an effect on intrahepatic pathways or fluxes 

off  glucose metabolism (43). The regulation of these intrahepatic pathways may 

alsoo fail under pathophysiological conditions, which may result in overt 

disregulationn of glucose homeostasis (26,41,46). 
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b)b) plasma glucose concentration 

Thee plasma glucose concentration is an important (auto)regulator of hepatic 

glucosee production (4.38). The activity of glycogen synthase and phosphorylasc is 

modulatedd by plasma glucose, thus providing an enzymatic basis for autoregulation 

(19).. In vivo in humans, hyperglycemia inhibits glucose production in overnight 

fastedd humans independently of changes in glucoregulatory hormones (5,19,47). 

Thee explanation may be found in inhibition of glucose-6-phosphatase by high 

concentrationss of glucose (47), or in stimulation of glycogen synthase by high 

levelss of G-6-P (5,19). 

Conversely,, hypoglycemia acts on glucose production only at very low levels; 

duringg a hyperinsulinemic clamp, a decrease of plasma glucose in humans from 5.3 

mmol/LL to 3.6 mmol/L caused an increase in glucose production without changes 

inn concentrations of glucagon, Cortisol or growth hormone. However, the increase 

inn hepatic glucose production could be entirely prevented by combined a- and 

p-adrenergicc blockade, indicating that autoregulation was not responsible for the 

compensatoryy increase in glucose production (48). Severe hypoglycemia however 

(plasmaa glucose concentrations clamped at 1.6 mmol/L). induced by a 

hyperinsulinemicc clamp, caused a doubling of hepatic glucose production, despite 

thee neuro-humoral blockade (somatostatin, propanolol, phentolamine, metyrapone). 

Thee mechanism underlying this autonomous increase in glucose production in 

responsee to severe hypoglycemia is unknown, but in vivo as well as in vitro data 

suggestt intrahepatic regulation as the pathophysiological mechanism (49,50). In the 

absencee of insulin, hypoglycemia induces a strong increase in glucose production, 

entirelyy due to an increase in glycogen breakdown (4). 

c)c) substrates 

Substratess for gluconeogenesis are lactate, pyruvate, glycerol and gluconeogenic 

aminoo acids such as alanine and glutamine (51). Lactate is produced by anaerobic 

glycolysiss from stored or circulating glucose, and by tissues such as muscle, the 

brainn and erythrocytes (52). Muscle forms lactate from glycogen stores, and liver 

gluconeogenesiss converts lactate into glucose (53). The contribution of lactate was 

estimatedd to be around 15% of total glucose production in the post-absorptive state 

(thee Cori-cycle)(54) although the isotopic methods used suffered from problems 

relatedd to isotope dilution in the tricarboxylic-acid pool (55). 
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Alanine,, largely coming from muscle, is the largest contributor to gluconeogenesis 

inn the liver, and accounts for 6-12% of total glucose production in the post-

absorptivee state (56,57). There is no net alanine uptake in the human kidney (58). 

Pyruvatee derived from glucose can be converted into alanine, and this glucose-

alaninee cycle resembles the Con cycle (57). 

Glutaminee is the main gluconeogenic substrate for the kidney, accounting for 5-8% 

off  total glucose production; the uptake of glutamine in the liver is small (35,58,59). 

Glyceroll  is derived from hydrolysis of triglycerides in adipose tissue. Post-

absorptivee glucose production from glycerol is estimated to be limited 

(~2%)(32,55).. Glycerol becomes quantitatively more important when lipolysis is 

acceleratedd (prolonged fasting), and in type 2 diabetes (60). 

Precursorr supply can stimulate fractional gluconeogenesis from a specific 

precursor,, although in the first 86hrs of fasting, precursor supply, despite an 

increasee in fractional gluconeogenesis, does not result in an increase in glucose 

productionn (28-30,61). If however precursor supply decreases to unphysiologically 

loww levels, glucose production does decline (28.61). After prolonged fasting, 

gluconeogenicc precursor supply does result in an increase in glucose production 

(31). . 

d)d) free fatty acids (FFA) 

FFAA influence the regulation of glucose production in healthy subjects and in 

disease.. FFA are no longer considered to be ordinary substrates. FFA have been 

convincinglyy related to insulin resistance, even at physiological FFA 

concentrationss (50-800 pmol/1), and high FFA levels play a crucial role in the 

pathophysiologyy of insulin resistance and the pathogenesis of type 2 diabetes 

mellituss (62-64). FFA also appear to have a signaling function, as essential 

mediatorss of glucose-stimulated insulin secretion (65). The influence of FFA on 

hepaticc glucose and glycogen metabolism is beyond doubt, but its exact 

physiologicall  role is still not completely elucidated (63). 

Inn 1963 Randle first described the glucose-fatty acid cycle. The key-points of this 

cyclee are: a) the increased availability of FFA in blood produces an increase in 

intra-muscularr acetyl-CoA and citrate content; b) acetyl-CoA inhibits pyruvate 

dehydrogenasee allosterically, which in turn reduces glucose oxidation; c) citrate 
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inhibitss phosphofructokinase 1 and thus glycolysis itself, eventually resulting in the 

impairmentt of glucose uptake (66). After Randle many studies have confirmed that 

fattyy acid-mediated inhibition of insulin-stimulated glucose oxidation occurs after 

1-22 hours of fat infusion, and inhibition of glucose uptake occurs after 4 hours (67). 

Conversely,, lowering FFA levels improves glucose uptake (64). Bergman et al. 

havee described FFA as a "metabolic messenger" (64). Recent studies suggest that 

thee primary route by which insulin maintains control over glucose production may 

bee indirect and mediated by FFA (see insulin) (63,65). This strong and unique 

correlationn of FFA with suppression of glucose production has led to the 

assumptionn that FFA is not just a metabolic substrate but the extrahepatic ''second 

signal*'' in the control of insulin action on glucose production (63). 

Administrationn of FFA stimulates glucose production, but the effect of suppression 

off  plasma FFA is less clear; FFA suppression has been described to suppress, 

stimulate,, or have no effect on glucose production (68-71). Different explanations 

cann be found: firstly, in vivo, autoregulation between gluconeogenesis and 

glycogenolysiss may prevent major changes in overall glucose production 

(41,42,67,72).. Secondly, findings appear to depend on the study design. Under 

basall  conditions, Chen et al. (72,73), Stingl et al. (74), Wang et al. (75), and Fery et 

al.. (70) found that FFA inhibit glucose production through suppression of 

glycogenolysis,, despite stimulation of gluconeogenesis. According to Boden and 

Jadali,, increasing FFA concentration under basal conditions does not alter glucose 

production,, mainly due to concomitant stimulation of insulin secretion (68). 

Pancreaticc clamp studies by the groups of Bergman and Boden show that 

suppressionn of FFA inhibits glucose production, and that re-infusion of FFA 

restoress glucose production (68,69). After 4 days of fasting FFA-suppression was 

reportedd to induce an increase in glucose production and gluconeogenesis (76). 

Inn humans physiological FFA concentrations stimulate gluconeogenesis, and 

antilipolysiss is known to blunt this effect, as has been described in vivo in the basal 

statee with a variety of different isotopic techniques (70,72-75,77). The biochemical 

mechanismss involved behind the stimulation of gluconeogenesis by FFA have been 

describedd by Ruderman et al. (71)and include generation of acetyl-CoA from FFA, 

activationn of pyruvate carboxylase, and inhibition of pyruvate dehydrogenase. In 

addition,, FFA oxidation generates ATP and NADPH. The latter favors conversion 

off  1,3 phosphoglycerate into glyceraldehydes 3-phosphate; the former facilitates 

conversionn of glycerol to dihydroxyacetone and glucose (68) 
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GluGlu coregu I at ory h or man es 

aa ) insulin 

Insulinn is secreted by pancreatic p-cclls. p-cells are extremely sensitive to very 

smalll  variations in glucose concentration, and they rapidly adapt insulin secretion 

too the need 1 mmol/I)(4). Insulin stimulates peripheral glucose uptake and 

inhibitss hepatic glucose production from glycogenolysis and gluconeogenesis and 

renall  gluconeogenesis (5,78). Acute insulin deficiency induced in somatostatin 

treatedd dogs in the presence of physiological glucagon levels causes glucose 

productionn to increase threefold, due to an increase in glycogenolysis (4). 

Replacingg physiological insulin (and glucagon) concentrations in fasted dogs 

treatedd with somatostin, slightly (10%) inhibited glucose production by inhibiting 

glycogenolysiss (4). Insulin inhibits gluconeogenesis directly by inhibiting the 

transcriptionn of phosphoenolpyruvate carboxykinase, a rate limiting gluconeogenic 

enzymee (5), and indirectly by inhibiting peripheral release of gluconeogenic 

precursorss (79). Glycogenolysis is more sensitive to inhibition by small increments 

inn insulin secretion than is gluconeogenesis (5). In the post-absorptive state, insulin 

concentrationss decrease to around 5 u.U/ml. The fall in plasma insulin from post-

prandiall  to basal concentrations is crucial for the stimulation of hepatic 

glycogenolysiss (5). As the insulin dependent glucose uptake in muscle and adipose 

tissuee subsequently decreases, muscle and adipose tissue turn to oxidize FFA and 

thee availability of glucose for non-insulin dependent tissues like the brain, blood 

cellss and the renal medulla, which are highly dependent on glucose, increases (5). 

Insulinn stimulates glycogen synthesis by increasing the activity of glycogen 

synthasee and decreasing the activity of glycogen phosphorylase (stimulates 

glycogenn breakdown). Insulin stimulates glycolysis by increasing the transcription 

off  the gene coding for pyruvate kinase a major glycolytic enzyme (converting 

2-phosphoenolpyruvatee into pyruvate) (5). 

Completee absence of insulin increases glucose output through glycogenolysis, and 

somatostatin-inducedd insulin deficiency with intraportal infusion of glucagon in 

post-absorptivee dogs results in a rapid doubling of the glucose production rate (4). 

Recentt studies suggest that the primary route by which insulin maintains control 

overr glucose production may be indirect and mediated by FFA (63,65). McGarry et 

al.. showed that without circulating FFA, insulin secretion in response to glucose 
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wass deficient (65); bearing in mind that in turn insulin at low levels is a very strong 

inhibitorr of lipolysis (and thus FFA release) (3). the concept of a feedback loop for 

FFAA as a '"metabolic messenger was introduced (65). Bergman et al. reported how 

suppressionn of endogenous glucose production by insulin was a slow process, 

slowerr than the binding of insulin to hepatocytes (64). Furthermore systemic and 

nott portal insulin infusion reduced endogenous glucose production, suggesting an 

intermediatee signal in/from peripheral tissue for insulin action, which proved to be 

FFAA (64). 

b)b) glucagon 
Likee insulin, glucagon is a very effective regulator of glucose production (2). 

Glucagonn is secreted by pancreatic a-cells. a-cclls react promptly to increases or 

decreasess in glucose concentration, although they appear to be more sensitive to a 

decreasee in glucose concentration (4). Similarly, small changes in glucagon levels 

exertt great effect on glucose output. Glucagon is a strong and immediate stimulator 

off  glycogenolysis and gluconeogenesis; an increase of 10 ng/1 has been reported to 

stimulatee glucose output by 0,3 mg/kg/min, due to an effect of glycogenolysis 

(4,80).. A fourfold increase in glucagon tripled glucose production, whereas a 

selectivee reduction in plasma glucagon decreased glucose production threefold; in 

bothh cases, only hepatic glycogenolysis was responsible for the increase or 

decrease,, and gluconeogenesis remained unaffected (4). The effect of glucagon is 

duee to a direct effect on the liver, as glucagon does not mobilize gluconeogenic 

precursorss from muscle, or substantially from fat (4). Renal glucose release is not 

affectedd by glucagon (81). 

Glucagonn stimulates glycogenolysis by activation of glycogen phosphorylase. the 

rate-limitingg enzyme for glycogenolysis in the liver. Glucagon regulates gluco-

neogenesiss by decreasing hepatic fructose 2,6-biphosphate. which increases the 

conversionn of fructose 1,6-biphosphate to fructose-6-phosphate. activating 

gluconeogenesis.. In addition, glucagon increases transcription of the gene coding 

forr the gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK) and 

inactivatess pyruvate kinase (5). 

Inhibitionn of glycogen phosphorylase by administration of Bay-R.3401 in fasted 

dogs,, led to a decrease in basal and glucagon-stimulated glycogenolysis, without a 

changee in hepatic glucose production, due to an increase in gluconeogenesis (5). 

Bothh in dogs and in humans, the effect of a selective increase in glucagon is 
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strongestt within 15 min. and wanes within hours, despite the stimulus of changes in 

plasmaa glucose concentrations (4) 

Studiess with somatostatin decreasing around 80% of portal vein insulin and 

glucagonn levels, indicate that after an overnight fast, 40% of basal glucose produc-

tionn may be glucagon-dependent (5). 

c)c) catecholamines (epinephrine and norepinephrine) 

Circulatingg catecholamines do not have a stimulatory effect on the regulation of 

hepaticc glucose production in the non-stressed state, but mediate the appropriate 

reactionn to a given stress (4,82,83). Catecholamines exert their stimulatorv effect 

onn hepatic glycogenolysis and hepatic and renal gluconeogenesis e.g. by activation 

off  pyruvate carboxylase (84). It appears that both epinephrine and norepinephrine 

exertt their direct action on glycogenolysis. and that their effect on gluconeogenesis 

iss indirect, i.e. via release of gluconeogenic substrates (4.85). Catecholamines 

stimulatee Iipolysis, and Fanelli et al. showed that the indirect effects of 

catecholaminess stimulate lypolysis (86). Fanelli et al. also demonstrated that this 

indirectt (Iipolysis mediated) effects of catecholamines is important in the 

adrenergicc stimulation of glucose production and the inhibition of glucose disposal 

(86). . 

epinephrine epinephrine 

Inn humans, epinephrine stimulate Iipolysis. ketogenesis. thermogenesis and 

glycolysis,, and raises plasma glucose concentrations by stimulating both 

glycogenolysiss and gluconeogenesis (47,87). At basal insulin and glucagon levels, 

pharmacologicall  levels of epinephrine (3.8 nmol/1) triple basal glucose production 

withinn 15 min., due to a combined stimulation of glycogenolysis and 

gluconeogenesis.. The effect on glycogenolysis however wanes after 2 hours, so 

thatt the sustained higher rate of glucose production is only attributable to 

gluconeogenesis.. This transient effect of epinephrine is not caused by glycogen or 

substratee depletion (4,88). Epinephrine, unlike glucagon, can stimulate the release 

off  gluconeogenic precursors and FFA from muscle and fat tissue: consistently, 

selectivee portal epinephrine infusion only stimulates glycogenolysis (4). 

Inn dogs and humans hyperepinephrenemia causes sustained suppression of glucose 

clearancee (89). The threshold for an effect of epinephrine on glycemia (resulting 
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fromm mainly glycogenolysis and glucose clearance) has been described to lie 

betweenn 0,55 and 1,1 nmol/1 (82,87,89). 

nn orepin eph rin e 

Likee epinephrine, hypernorepinephrinemia in healthy subjects stimulates hepatic 

glucosee output, suppresses glucose clearance, and transiently stimulates hepatic 

glucosee output (88). Catecholamines normally do not play an essential role in the 

maintainingg of plasma glucose concentration during fasting. However, enhanced 

secretionn of catecholamines compensates largely, and prevents hypoglycemia when 

glucagonn secretion is deficient (90). Clutter et al. described the threshold for 

metabolicc effects of norepinephrine to lie between 8.8 and 12 nmol/1 (89). 

d)d) Cortisol 

Corticosteroidss are known as potent regulators of carbohydrate, fat and protein 

metabolism,, activating gluconeogenic enzymes, augmenting the transfer of free 

aminoo acids to the liver, and inducing hepatic resistance to insulin (91.92,93). A 

generall  agreement is also that Cortisol increases glycogen synthesis (94,95). 

However,, the reported effects of Cortisol on glucose production and utilization are 

nott all in line (93). In animal and humans, only pharmacological doses of 

corticoidss have been shown to increase hepatic glucose production in vivo (96). In 

healthyy humans a fourfold increase in Cortisol (physiological stress levels) during 5 

hourss reduces glucose uptake and clearance, alters substrate regulation (ketones 

andd amino acids) but decreases glucose production (96). Similarly, Lccocq et al. 

(94)) compared the acute and chronic rise in Cortisol levels in humans and found a 

strikingg difference. An acute rise in Cortisol resulted in reduced glucose output 

despitee a small increase in gluconeogenesis, concomitantly with increased G-6-P 

levels,, increasing glycogen synthase activity, and diverting endogenous glucose 

productionn to glycogen. Chronic administration of Cortisol however did result in an 

increasee in glucose production, glycogen synthesis, and a marked augmentation of 

gluconeogenesiss (94). Rizza et al. (93) also found that a 24 hr increase in Cortisol 

levelss increased both plasma glucose concentrations and glucose production. Five 

dayss of treatment with Cortisol increased gluconeogenic conversion of alanine to 

glucose,, glucose cycling through glycogen but not glucose output, and doubled 

hepaticc glycogen content, all together with an increase in plasma insulin levels 

(95). . 
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Inn contrast to the acute stimulatory effect of glucagon and catecholamines on 

hepaticc glucose production, the stimulatory effect of Cortisol on hepatic glucose 

productionn is therefore slow. With respect to the kidney, corticosteroids have been 

shownn to increase renal glucose release in vitro (5). 

e)e) growth hormone 

Likee Cortisol, growth hormone mainly induces hepatic resistance to insulin, 

althoughh it may alter gluconeogenic substrate availability or promote 

gluconeogenicc enzyme induction (97). Progressive starvation enhances growth 

hormonee secretion by combined frequency and amplitude modulation (5). Like 

Cortisol,, the stimulatory effect of growth hormone on hepatic glucose production 

takess several hours to occur. In addition to the effects of glucagon on liver glucose 

production,, growth hormone increases renal glucose release m vitro (5). 

TheThe autonomous nervous system 

Thee influence of the sympatic and parasympatic system on glucose production is 

extensivelyy described in a review by Corssmit et al. (5). The liver is richly 

innervatedd by the sympatic and parasympatic nervous system. The sympatic fibers 

aree derived from the splanchnic nerves, which are connected to the ventromedial 

hypothalamus.. The parasympatic fibers are derived from the vagus nerves, which 

projectt to the lateral hypothalamus, and the respective ganglion cells are located 

closee to the liver. Remarkably, each hepatocyte is directly innervated. In animals 

thee sympatic and parasympatic system seem to be reciprocal in the regulation of 

carbohydratee metabolism in the liver Activation of the sympatic system produces 

hyperglycemiaa by increasing glycogenolysis and gluconeogcnesis. via efferent 

nervee supply (sympatic fibers) to the liver, and by release of adrenaline and 

glucagonn in a complex, integrated ncurohormonal response. Direct activation of 

hepaticc sympatic nerves rapidly increases glucose output from the liver by 

Ca2+-mediatedd stimulation of glycogen phosphorylase. Stimulation of the 

parasympaticc system leads to a direct, but rather slow and small decrease of plasma 

glucosee by activation of hepatic glycogen synthase and inhibition of PEPCK. 

Corssmitt et al. found no change in hepatic glucose production in post-absorptive 

humanss after truncal vagotomy, which involves complete parasympathetic 

denervationn of the liver, indicating that withdrawal of parasympathetic tone does 
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nott appear to be an important glucoregulatory process in post-absorptive humans. 

Similarly,, denervated liver transplants have an adequate glucoregulatory function 

andd glycogen synthesis, as was shown recently by Schneiter et al.(98). 

Glucosee sensors have been detected in the brain and in the portal vein. These 

sensorss are extremely important in case of hypoglycemia, and seem to form part of 

aa portal-sympathetic glucoregulatory reflex. In this light, Cherrington et al. recently 

demonstratedd the existence of a "portal signal" involved in hepatic glucose uptake, 

whichh appears to be (linked to) FFA (4). This portal signal interacts with the 

autonomouss nervous system it is abolished in dogs having undergone complete 

hepaticc surgical denervation. 

ParacrineParacrine mediators 

a)a) nitric oxide (NO) 
NOO has been shown to affect glucose metabolism at many levels. In 1980, 

Furchgottt and Zawadski, first demonstrated that the vascular relaxation induced by 

acetylcholinee was due to the endothelium-derived relaxing factor (EDRF) (99). In 

1987,, Palmer, Ferrige, and Moncada et al. identified EDRF to be nitric oxide (100). 

NOO induced strong vasodilatation, and inhibition of nitric oxide causes 

vasoconstrictionn (101). NO is synthesized from the amino acid L-arginine in a 

reactionn catalized by NO synthase. NO is formed in the conversion of L-arginine to 

L-citrulline.. In the presence of 02, NO is rapidly oxidized into nitrite and nitrate 

(102).. NO acts on guanylate cyclase, a cytosolic haem-containing protein, causing 

elevationn of cyclic-GMP (103,104). 

L-argiiiin e e 

NO-synthase e 

T T 

citnillinee + nitri c oxide 

>r >r 
T T 

nitrit ee + nitrat e 

FigFig 3. Synthesis of nitric oxide 
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Manyy isoforms of the enzyme have now been identified, of which the most relevant 

too this thesis are the constitutive isoform (NOSc) and the inducible isofonn 

(NOSi).. NOSc is cytosohc. Ca27calmodulin dependent, and it releases NO for 

shortt periods. NOSi is induced after activation of macrophages, endothelial cells, 

andd a number of other cells, in reaction to endotoxin (and cytokines). NOSi takes 

aroundd 6 hours to come to expression, and ones expressed, synthesizes NO for long 

periodss (101,103). Hcpatocytes and macrophages mainly possess NOSi. whereas 

endotheliumm and neurons mainly express NOSc, for a low but continuous secretion 

off  physiological NO (105). The very short half-life (6-30 sec.) of NO in biological 

systemss is due to its rapid binding to plasma proteins such as oxy-hemoglobin, and 

makess the direct measurement of NO in vivo virtually impossible (102.106). NO 

productionn is therefore often extrapolated from nitrite and nitrate production (107). 

NOO synthesis can however also be estimated by measuring NO concentration in 

exhaledd air (106,108), and by the rate of conversion of the [15N]guanidine nitrogen 

off  arginine to plasma ["N]ureido citailline (109). 

Endogenouss NO production can be blocked by selective or non-selectivelv 

inhibitionn of NOS isoforms by competitive L-arginine analogs. L-A^'-Monomethyl-

arginine.. (L-NMMA ) is an example of a non-selective competitive L-argininc 

analog,, which can be intravenously infused in animals and humans (110.111). 

L-NN -niononictlivlargiiiine L-arginiiie 

citrullinee + nitric oxide 

FigFig 4. Competitive inhibition of NO synthesis by L-NMMA 

L-NNM AA is also endogenously produced at very low concentrations (112). Apart 

fromm NOS inhibitors, various NO donors can be used for both in vivo and in vitro 

researchh (113,114). 
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Thee liver contains soluble guanylate cyclase which is very responsive to exogenous 

NOO or NO-releasing compounds, thus having the capacity to be regulated by NO 

andd c-GMP (104). Inhibition of the hydrolysis of c-AMP by c-GMP has been 

associatedd to inhibition of glycolysis (115). 

InIn vitro studies in rat hepatocytes have shown that NO inhibits glucose production 

byy inhibiting gluconeogenic enzymes (113,114.116,117). There is also evidence of 

ann interaction between prostaglandins and NO in the influence of the latter on 

glucosee production, although NO was shown both to block and stimulate the 

synthesiss of cyclooxygenase (118,119). Borgs at al. (115) showed that the effect of 

NOO on glycogen phosphorylase could be blocked by an inhibitor of prostaglandin 

synthesis.. In vivo in humans, Ahlborg et al. ( I l l ) showed that excessive inhibition 

off  NO by high doses of L-NMM A inhibited splanchnic glucose output together 

withh a decrease in splanchnic blood flow. 

Evenn more complex influences of NO on glucose metabolism in vivo have been 

described.. In vivo NO has been attributed to have effects on insulin sensitivity in 

hypertension,, obesity and type 2 diabetes (120-123). Baron et al. showed that acute 

inductionn of hypertension with high doses of L-NMM A causes marked insulin 

resistancee (124). Baron et al. also demonstrated that insulin induces endothelium-

dependentt vasodilatation, probably mediated by increasing nitric oxide synthesis, 

orr its action (125). It has been suggested that this action contributes to enhanced 

glucosee uptake in response to insulin and other vasodilator stimuli, particularly in 

skeletall  muscle (125). Moreover this model suggests that the impaired 

endothelium-dependentt vasodilatation in subjects with features of the metabolic 

syndromee (hypercholesterolemia, hypertension, or diabetes mellitus) could both 

resultt from, and contribute to, impaired insulin action in skeletal muscle (126). 

However,, others have found that glucose uptake during hypcrinsulinemia is not 

alteredd by the increase in blood flow itself, unless the vasoactive agent itself 

stimulatess glucose uptake (123,127,128). Furthermore, Yki-Yarvinen et al. were 

nott able to demonstrate an effect of physiological concentrations of insulin on 

bloodd flow (123). We must therefore conclude that, at present, there is no clear 

consensuss on the role of NO on (insulin mediated) glucose uptake. 

Thee group of Baron et al. (129) has also described FFA to impair insulin-mediated 

vasodilatationn and nitric oxide production. In euglycemic hyperinsulinemic clamp 

studies,, with and without superimposed FFA elevation, an 8 hr FFA infusion was 
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shownn to decrease glucose uptake, insulin-mediated increases in leg blood flow, 

andd insulin-induced NOx (nitrate and nitrite) levels (129). 

b)b) prostaglandins 

Thee characteristics of prostaglandins have recently been reviewed by Corssmit et al 

(5).. In the liver, the major producers of prostaglandins are the Kupffer cells 

(130,131).. Prostaglandins, produced by Kupffer cells, exert their effects in the 

Kupfferr cell itself, by stimulation of second messenger systems or by leaving the 

celll  and modulating the function of neighbor cells (paracrine interaction) (5). 

Prostaglandinss stimulate glycogenolysis in perfused rat livers and in isolated rat 

hepatocytess (130.131). Prostaglandins have been reported to stimulate glycoge-

nolysiss by activation of glycogen phosphorylasc and deactivation of glycogen 

synthase,, whereas glucagon- and epinephrine-stimulated glycogenolysis was 

inhibitedd in isolated hepatocytes (5,132). Prostaglandins inhibit gluconeogenesis in 

perfusedd livers of fasted rats, and in one study prostaglandins inhibited glucagon-

inducedd hepatic gluconeogenesis (5). 

Hespelingg et al. reported that prostaglandins from Kupffer cells stimulated 

glucagon-stimulatedd glycogenolysis (phosphorylasc). whereas prostaglandins alone 

decreasedd glucagon-stimulated glycogenolysis. Because glucagon itself stimulated 

prostaglandinn synthesis from Kupffer cells, they postulated that Kupffer cells might 

participatee in a negative-feedback loop inhibiting glucagon-stimulated 

glycogenolysiss in hepatocytes (133). 

Inn humans direct effects of prostaglandins on hepatic glucose production are 

difficul tt to interpretate because prostaglandin infusion increases glucagon and 

epinephrinee concentrations (5). In healthy subjects and in malaria patients, 

indomethacin,, an inhibitor of prostaglandin synthesis, increases hepatic glucose 

productionn without changes in concentrations of glucoregulatory hormones, 

pointingg at an inhibitory effect of prostaglandins on hepatic glucose production 

(39,134). . 

Nukinaa et al. showed that the stimulatory effect of adenosine on glycogenolvsis is 

inn fact mediated by prostaglandins released from Kupffer cells (135). 

c)c) adenosine 

Adenosinee is formed and released in many tissues, including the liver. In rat liver 

membranes,, adenosine receptors activating adenylate cyclase have been identified 
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(5.135).. In perfused livers, adenosine causes transient increases in glucose output, 

portall  pressure, and prostaglandin release (135). The effect is probably transient 

becausee adenosine is rapidly removed by adenosine deaminase. In cultured 

hepatocytes,, adenosine stimulates basal glycogenolysis by stimulation of phospho-

rylasee a activity, although this effect was also shown to be mediated by 

prostaglandinss (135,136). Both stimulatory and inhibitory effects of adenosine on 

gluconeogenesiss in isolated rat hepatocytes were reported. Stimulation of 

gluconeogenesiss by adenosine is obtained by metabolism of adenosine through 

adenosinee deaminase, inhibition of gluconeogenesis by metabolism of adenosine 

throughh adenosine kinase (5). In healthy human subjects pentoxifylline infusion, 

blockingg the adenosine receptor, resulted in a transient decrease in hepatic glucose 

production,, in the absence of changes in the plasma concentrations of glucore-

gulatoryy hormones. This suggest a stimulatory role for adenosine on hepatic 

glucosee production in vivo in humans (137), 

Cytokines Cytokines 

Inn addition to other tissues and blood (esp. monocytes, Kupffercells, lymphocytes, 

neutrophils,, platelets), the liver produces mediators like tumor necrosis factor-a 

(TNF-a),, interleukin-lp (IL-lp1), interleukin-6 (IL-6), and interferon-y (IFN-y). 

cytokiness with overlapping biological properties (138,139). Within the liver, 

Kupfferr cells are the most potent producers of cytokines, but cytokines are also 

producedd by other cells like endothelial cells (139). Cytokines act mainly in a 

paracrinee and autocrine manner, not only under pathophysiological conditions but 

alsoo in the regulation of physiology (5) . 

a)a) interferon-y (IFN-y) 

Ann extensive overview of properties and effects of IFN-y has recently been 

publishedd by J. de Metz in his thesis (140). IFN-y has been mostly known as a pro-

inflammatoryy cytokine involved in viral infections and sepsis, and it has been 

knownn for its immunological properties. Relevant to this thesis are the effects of 

IFN-yy on glucose metabolism. Only one case report has been published on a renal 

cancerr patient on IFN-y treatment who suffered from severe hyperglycemia (141). 

Dee Metz reports that IFN-y increases resting energy expenditure in healthy 

humans,, but decreases glucose production only in post-operative patients (140). 
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b)b) tumor necrosis factor-a (TNF-a) 

TNF-«.. is a 17 kDa polypeptide, secreted mainly by monocUes and macrophages, 

amongg them the Kupffer cells (5.139). 

Inn health}' humans, a bolus injection of TNF-M induces an increase in glucose 

productionn of -10% (142). TNF-r/ does neither affect gluconeogenesis nor 

glycogenolysiss in isolated rat hepatoc\les in vitro (143). which suggests that in 

effectt of TNF-a in vivo may be indirect, e.g. by glucoregulatory hormones. TNF-« 

increasess substrate availability for gluconeogenesis in vivo, but as increased 

substratee availability is not a major regulator of basal hepatic glucose production, 

thiss is not likely to influence hepatic glucose production (5.28). 

c)c) interieukin-lfl (IL-J/1) 

Thee properties of IL-i p were recently described by Corssmit et al (5) and 

Moeniralamm (139). IL-lf 3 is produced by a wide variety of cells, mainlv monocytes 

andd macrophages (incl. Kupffer cells). There are no data upon the effects of IL-i p 

onn hepatic glucose production in humans, and data in animals reflect great species 

differencesdifferences and differences in experimental design. In rats. II-l p seems to stimulate 

glucosee production (with a concomitant increase in glucagon), whereas it inhibits 

glucosee production in mice, and has no effect in rabbits (5.139). Kanemaki et al. 

showedd that IL-i p inhibited insulin-stimulated glycogen deposition in primary 

culturedd rat hepatocytes most likely by inhibition of glycogen synthase (144). 

d)d) interleukin-6 (IL-6) 

Thee properties of IL-6 were recently described by Stouthard et al. and Moeniralam 

(139.145).. In vivo. IL-6 infusion stimulates the release of norepinephrine. Cortisol 

andd glucagon, and stimulates glucose production, glucose utilization, glucose 

transport,, lipolysis and fat oxidation (146). IL-6 also inhibits insulin-stimulated 

glycogenn deposition in rat hepatocytes (144). and stimulates glycogenolysis and 

gluconeogenesiss in isolated rat hepatocytes (147) 

MethodsMethods to measure glucose production, gluconeogenesis and glycogenolysis 

Ass said previously, in the fasted state, i.e. in the absence of exogenous glucose 

intakee or infusion, glucose production to plasma is the sum of gluconeogenesis and 

glycogenolysis.. This implicates that if one measures (total) glucose production and 
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gluconcogenesis,, one can calculate glycogenolysis as the difference between the 

two.. Consequently, if one measures glucose production and glycogenolysis, one 

cann calculate gluconeogenesis. 

a)a) glucose production 

Glucosee production can be measured with (stable) glucose isotopes, using the 

isotopee dilution method, if the chosen isotope fulfill s the validity requirements as 

welll  described by Reinauer et al. (148). Infusion of a glucose isotope into the 

plasmaa glucose pool, at a continuous constant rate, in rest, eventually leads to a 

steadyy state (i.e. a good and constant mix) of the ratio between endogenous glucose 

moleculess (unlabeled) and the (exogenous) glucose isotope. Parting from steady 

statee and keeping the isotope infusion constant, the dilution of the glucose isotope 

inn the pool of unlabeled (endogenous) glucose at different time points reflects the 

influxx of glucose ("rate of appearance", abbreviated as "Ra Glucose"), i.e. 

(endogenous)) glucose production. 

glucosee isotope infusion (constant rate) )) glucose isotope 

(O)) endogenous glucose molecules 

II  %%
tt = 0 start isotope infusion 

highh dilution = high endogenous production loww dilution = low endogenous production 

FigFig 5. The isotope dilution method; measuring the rate of appearance of 

glucoseglucose (Ra-glucose) 
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AA major prerequisite for an isotope in metabolic studies is that it behaves in exactly 

thee same way as the "natural"' molecule; the only function of the label being to 

alloww differentiation between labeled and unlabeled molecules in the laborators' 

(148).. Isotopes may be radioactive or non-radioactive (stable), in the latter case 

earningg an extra neutron on hydrogen or a carbon. In the studies presented in this 

thesiss only stable isotopes were used. i.e. [6.6-2H:]glucose or |U-nO|glucose. to 

measuree glucose production. The procedure invokes primed (bolus), continuous 

infusionn of the isotope: the prime is used to reach a plasma ratio of labeled vs. 

unlabeledd isotope close to the wanted ratio within reasonable time, the continuous 

infusionn is necessary to maintain a certain ratio, allowing to a technically reliable 

measurementt of glucose production. In type 2 diabetic patient suffering from 

hyperglycemia,, the dosis of the prime must be adapted to a greater endogenous 

glucosee pool. This is done by using the formula by Hother-Nielsen (see chapter 

7)(149): : 

adjustedadjusted prime norma! prime x [aetual glucose concentration 5 (normal 

glucoseglucose concentration) in mM)] 

Whenn the steady state is reached (i.e. within 2-3 hours), glucose '"rate of 
appearance""  can be calculated using steady state equations according to Steele 
(150): : 

RaRa Glucose - (tracer infusion rate isotope enrichment) - tracer infusion rate 

inn which; Ra Glucose and tracer infusion rate are in jamol or mg kg body 

weightweight 'minute 

isotopee enrichment is the % of glucose molecules earning the 
isotopee label. 

NB:: the isotope technique cannot discern glucose production from exogenous 

(unlabeled)) glucose infusion. If unlabeled glucose is infused or ingested during a 

study,, the infusion/ ingestion rate of unlabeled glucose must always be subtracted 

fromm the Ra Glucose, leading to the following equation (see chapter 6): 
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RaRa Ghtco.se ~- (tracer infusion rate isotope enrichment) - (racer and unlabeled 

glucoseglucose infusion rate 

b)b) glycogen olysis 

Wee do not measure glycogenolysis in this thesis but in our studies glycogenolysis 

playss an important role. In 1973, Nilsson ct al. in humans measured glycogen 

contentt with serial liver biopsies, and concluded that glycogen stores after an 

overnightt fast are limited to approximately 70-150 g (13). 13C NMR spectroscopy 

iss a modern technique developed by the group of Shulman et al.. The rate of 

glycogenolysiss is calculated from a net change in glycogen content. The increase or 

decreasee in (liver) glycogen concentration is measured from 13C NMR spectra of 

thee Ci position of liver glycogen, divided by the volume of the liver (17,33,151). 

Thee liver volume in the first 12 hrs of fasting is constant and was measured to be 

aroundd 1,5 liter (21). Rothman et al. have suggested that Nilsson et al. in the 1970*s 

mayy have incorrectly estimated the liver volumes (17). Magnusson et al. (14) and 

Rothmann et al. (17) reported that liver glycogen content measured by nC NMR 

spectroscopyy 4 hours after a meal was around 282 mmol/1 liver. 170 mmol/1 14 hrs 

afterr a meal. 98 mmol/1 liver after 22,5 hrs of fasting, 66 mmol/1 after 40 hrs. and 

422 mmol/1 after 68 hrs of fasting in healthy volunteers. l jC NMR spectroscopy 

showedd that in the first 22 hours, glycogen concentration decreased linearly, and 

afterr 22 hours of fasting, the rate of glycogenolysis declined less; the liver volume 

declinedd 23% in 68 hrs of fasting (17.21). After 22 hours of fasting, glycogenolysis 

accountedd for 36 % (range 19%-54%) of glucose production (thus gluconeogenesis 

forr 64%), and after 42 hours of fasting, gluconeogenesis accounted for virtually all 

off  glucose production (17). The 13C NMR spectroscopy technique, if used to 

calculatee gluconeogenesis by subtraction, does not take into account renal 

gluconeogenesis.. Furthermore, we must bear in mind that changes in glycogen 

contentt result from changes in glycogen breakdown and glycogen synthesis: a 

decreasee in glycogen content only indicates that glycogen breakdown prevails 

abovee synthesis, resulting in a net loss of content. As such. ] ,C NMR spectroscopy 

alonee does not assess these fluxes separately, and does not take into account 

eventuall  glycogen cycling. 
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c)c) gluconeogenesis 

Unfortunatelyy there is no golden standard to measure gluconeogenesis in vivo. All 

isotopee techniques come with assumptions and results yield differences in absolute 

andd relative gluconeogenesis rates. The precursor pool for gluconeogenesis is 

pluriform,, including lactate, pyruvate, fructose, glycerol (lypolysis) and amino 

acidss (mostly alanine and glutamine). In the past, isotopic techniques using 

C-labelss (e.g. lactate, alanine, pyruvate or acetate) were seriously hampered by 

uncertainn isotopic dilution and exchange in the tricarboxylic acid (oxaloacetate) 

pool,, resulting in a loss of the label (44). Measurement of arteno-venous 

differencesdifferences across the splanchnic (or renal) area are also used to measure 

gluconeogenesis.. This technique is invasive because it requires catheterization of 

thee hepatic artery and the portal vein. By multiplying the difference between 

arteriall  and venous concentration of gluconeogenic substrates (i.e. the sum of all 

thee circulating gluconeogenic precursors being taken up by the liver (or kidney) 

andd divided by two to correct for the conversion of three carbon precursors to the 

six-carbonn glucose molecule) by the hepatic blood flow, gluconeogenesis can be 

calculatedd (4) Calculating the net balance does not take into account hepatic 

uptakee of precursors in the splanchnic (or renal) bed or catabolism in the liver (or 

thee kidney) itself. Arteriovenous differences over the liver excludes 

gluconeogenesiss by the kidney, and vice versa (16.152). Finally, the large variation 

coefficientt of the hepatic flow measurements precludes the detection of small 

arterio-venouss differences in substrate concentrations. 

Recently,, stable isotope tracer methods have been developed to measure 

gluconeogenesiss in vivo. These tracer techniques do not differentiate between 

hepaticc and renal gluconeogenesis and measure both. In this thesis, two of these 

techniquess arc used and described in different studies, the Mass Isotopomer 

Distributionn Analysis (MIDA ) developed by Hellerstein et al. (153) and the :H 20-

methodd developed by Landau et al. (15,24.25). Both techniques are subject to 

substantiall  debate and criticism, especially concentrated around Landau et al, 

Brunengraberr et al. and Hellerstein et al. (32,54.154.154-159). Although both 

techniquess yield differences in the absolute and relative rates of gluconeogenesis. 

thee results for each technique are reproducible, and internally consistent (32). In the 

absencee of a golden standard for gluconeogenesis, either of these techniques 

providess a validated method to quantify gluconeogenesis from all precursors. 
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especiallyy in cross-over placebo controlled studies in which subjects serve as their 

ownn controls, as long as we bear in mind their limitations in absolute sense, and the 

assumptionss on which they are based. 

Forr a critical review of the validity' of MIDA and the 2H20-method, we wish to 

referr to the extensive reports on the subject in literature, as described above 

(54,154,154-159).. We especially refer to the recent report by Ackermans et al.. 

comparingg both techniques in a cross over setting in healthy volunteers (32), and to 

thee discussion in chapter 9. which pays major attention to respectively the ~H20-

methodd and the MIDA technique. 

TheThe 2H20~method: 

Thee 2H20-method depends on the incorporation of deuterium from 2H20 into 

glucose.. After 2H20 administration and equilibration with total body water, 

hydrogen-22 incorporation at the glucose carbon-5 (C5) divided by deuterium 

incorporationn at the glucose carbon-2 (C2) equals the fractional contribution of 

gluconeogenesiss to glucose production. 

C5:C5: the conversion of even' molecule of pyruvate to glucose involves addition of 

onee molecule of hydrogen from body water to C2 of the intermediate 

phosphoenolpyruvatee (PEP). This C2 carbon of PEP becomes C5 of glucose. 

Duringg conversion of glycerol to glucose, one molecule of hydrogen from body 

waterr is added to C2 of glyceraldehyde-3-phosphate during isomerization with 

dihydroxyacetone-3-phosphate.. That carbon also becomes C5 of glucose. Thus 

enrichmentt in C5 of glucose reflects glucose production by pyruvate and glycerol, 

i.e.. from all gluconeogenic precursors. 

C2:C2: deuterium enrichment on C2 reflects glucose production from both 

gluconeogenesiss and glycogenolysis. This is because one molecule of hydrogen 

fromm body water is added to C2 of glucose-6-phosphate when fmctose-6-phosphate 

iss converted to glucosc-6-phosphate during gluconeogenesis. Furthermore. 

glucose-6-phosphate,, that is also formed as an intermediate during glycogenolysis, 

equilibratess extensively with fructose-6-phosphate, resulting in the exchange of the 

hydrogenn bound to C2 of glucose-6-phosphate with that in body water. Deuterium 

enrichmentt at C2 has been proven to be equal to that in body water (24,73). 
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FigFig 6. The H20-method; estimation of rates of gluconeogenesis using 

incorporationincorporation of deuterium (2H) at carbon 5 of glucose 

Thus,, after 2H20 administration, hydrogcn-2 incorporation at the glucose carbon-5 

(C5)) which exclusively reflects gluconeogenic flux, divided by hydrogen-2 

incorporationn at the glucose carbon-2 (C2) which reflects all passage through 

glucose-6-phosphatee (i.e. glucose production), equals the fractional contribution of 

gluconeogenesiss to glucose production. 
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MIDMID A (with 12-3C,] glycerol) 
Masss Isotopomer Distribution Analysis (MIDA) is a technique for measuring 

biosynthesiss and turnover of polymers in vivo. By comparison of statistical 

distributionss predicted from the binomial or multinomial expansion to the pattern 

off excess isotopomer frequencies observed in the polymer, the enrichment of the 

biosyntheticc precursor subunits (or pooL p) for newly synthesized polymers is 

calculatedd (153). To calculate the fractional contribution of gluconeogenesis (ƒ) to 

glucosee production, one needs to know the precursor pool enrichment (p). A 

glucosee molecule is a hexose and a polymer of two triose subunits. The precursor 

pooll for gluconeogenesis is therefore all trioses, and glycerol, i.e. [2-13Ci]glycerol, 

iss one of them. Newly formed glucose from a previously labeled triose pool, in this 

casee with [2-13C|]glycerol, will be made up of two unlabeled trioses (glucose with 

normall mass, M+0), one labeled and one unlabeled triose (M+l). or of two labeled 

triosess (M+2). The distribution of M+0, M+l, and M+2 in the end product glucose 

(orr its derivative dimethyl tetraacetyl saccharate) will reflect the precursor pool 

enrichmentt (/?), because p dictates the quantitative chance to obtain glucose M+0, 

M+l,, and M+2. The precursor pool enrichment can therefore be "retrogradely" 

estimatedd by application of binomial expansion, as described by Hellerstein et al. 

(153)(160).. The fractional contribution of gluconeogenesis (J) is then calculated as 

thee glucose enrichment EM+1 / A]? where A] is the maximum EM+1 that could be 

reachedd for the measured precursor pool enrichment. 

TheThe Secreted Glucuronate Technique 

Thee secreted glucuronate technique was developed and extensively described by 

Hellersteinn et al. (including formula for calculations) and will therefore only be 

brieflyy resumed here (43). With this technique total hepatic glucose production, 

hepaticc (glucose) disposal, glycogen-glucose cycling, total hepatic glucose 

phosphorylation,, and hepatic glucose balance can be measured non-invasively. 

Hellersteinn characterized his secreted glucuronate technique as measuring 'internal 

dynamicss that are not communicated with the surroundings"(16). The secreted 

glucuronatee technique allows measurement of intrahepatic fluxes of glucose and 

glycogenn metabolism. Acetaminophen (paracetamol) is glucuronated in the liver by 

uridinee diphosphate (UDP-glc), and its glucuronate (GlcUA) is excreted in urine, 

wheree it can be sampled. UDP-glucose and G-6-P equilibrate extensively in the 

liver.. A stable isotope label which labels G-6-P or UDP-glc will therefore label 
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GlcUA.. The glucuronate of acetaminophen can therefore be used as non-invasive 

xenobioticc probe of intrahepatic UDP-glucosc enrichment, which qua/ilale qua 

representss G-6-P enrichment (see discussion in chapter 9) The two isotopes used 

inn the secreted glucuronate are [l-:H,]galactose and [U-13C6]glucose. 

Glycogenn (liver) 
(plasma) (plasma) 

[U-- C J glucose 

Glc( 2H,)) / \ (liver) 

Glucosee r -*• Glc-6P/Glc-lP - i * - °^V UDP-GIc <— — | l - l l , Igalactose 

Glc(( C„) A 

Acetaminophen n 
Trioses(GNG)) UDP-GlcUA X " -

(liver)(liver) I (urine) 

Aceta-GlcUA A 

Aceta-GlcUA(''c6) ) 

Aceta-GlcUA(2H,) ) 

FigFig 7. The secreted glucuronate technique; estimation of Ra-UDP-gluco.se with 

acetaminophenacetaminophen [I- 7H,jgalactose and [U-13C6]glucose 

[1-[1- 22H,/galactose,H,/galactose, galactose is exclusively taken up by the liver and labels the 

UDP-glucosee pool. [l-2H,|galactosc serves to calculate the rate of appearance of 

UDP-glcc with the isotope dilution technique (Ra UDP = [1-2H, Igalactose infusion 

ratee / [l-2Hi] enrichment in GlcUA). 

Becausee in vivo the conversion of G-l-P to UDP-glc is irreversible (155), UDP-glc 

cann only form glucose by passing through glycogen. Therefore, the recovery (R) of 

thee [l-"Hi] label from galactose in plasma glucose reflects glycogen synthesis 

(UDP-glcc to glycogen) followed by glycogen breakdown (glycogenosis) to 

glucose.. Similarly, non-recovery (1-R) or the loss of [1 -2H, ] label from galactose 

reflectss the retention of the label in the liver, i.e. (retained) glycogen synthesis 
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Inn summary, [l-2Hi|galactose infusion allows to measure the Ra UDP, glycogen 

synthesiss flux from the UDP-glc pool, of which a proportion is retained by the liver 

ass glycogen, and a proportion is broken down and released as plasma glucose. 

[U-[U- lili CC66]glucose.]glucose. [U-,3C6]glucose serves to measure glucose production with the 

isotopee dilution technique (Ra glucose = [U-13C6]glucose infusion rate / plasma 

[U-l3C6]glucose)) enrichment). Furthermore, the appearance of [U-I3C6] label in 

GlcUAA reflects the contribution of plasma glucose to the UDP-glc pool, and 

therebyy also to glycogen synthesis from plasma glucose (due to the obligator}' 

UDP-glcc to glycogen flux). 

Inn summary, [U-13C6]glucose allows to measure glucose production, the 

contributionn of plasma glucose to the UDP-glc pool, and glycogen synthesis from 

glucose. . 

MIDAMIDA combined with the Secreted Glucuronate Technique 

Thee technique of combining MIDA with [2-,J,Cilglycerol (gluconeogenesis) with 

thee secreted glucuronate technique (Ra UDP and glycogen synthesis-(and 

breakdown))) has been thoroughly described by Hellerstein et al. (including all 

calculations)) and will only be resumed here. Hellerstein's technique offers the 

uniquee possibility to calculate intrahepatic gluconeogenic fluxes, in addition to 

intrahepaticc glucose and glycogen fluxes (fig. 8) (16,22). 

Thee three tracers infused remain distinguishable in the two measurable end-

products,, i.e. plasma glucose and secreted GlcUA. Gluconeogenic flux is more 

thann the direct gluconeogenic pathway to plasma, as measured with MIDA. 

Gluconeogenicc flux can also be directed first to UDP-glc (and subsequently 

glycogen),, and later appear in plasma after glycogen breakdown. This pathway is 

calledd the indirect pathway of gluconeogenesis (fig. 9). 
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FigFig 8. The secreted glucuronate technique combined with MIDA 
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isotopes.isotopes. Plasma glucose (Glc); Glucose production (GP); glycogenolysis (GL); 

totall gluconeogenesis (GNG), direct and indirect gluconeogenesis (dirGNG, 

indirGNG);; total glygogen synthesis flux (FluxGS) and retained glycogen synthesis 

(GS) ) 
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Gluconeogenesiss can therefore contribute to glycogen synthesis, both to glycogen 

synthesiss flux (if broken down again), and to true glycogen synthesis (if retained by 

thee liver). The knowledge that gluconeogenic flux contributes to glycogen 

synthesiss is not new but was based on in vitro studies (161). Hellerstein's 

combinedd techniques now not only allow '"visualization" and quantification of 

gluconeogenicc direct and indirect fluxes, glycogen synthesis and breakdown from 

differentt sources, and the kinetics of intrahepatic cycles in vivo in humans, but also 

too study the influence of other actors (extra- or intrahepatic) on these pathways. 

Inn the figure below, the different fluxes, which can be measured using the 

combinationn of MIDA and the secreted glucuronate. are given schematically. 

Duringg fasting, plasma glucose originates from gluconeogenesis and glycogen 

breakdown.. Gluconeogenic flux can be directed towards plasma directly (direct 

gluconeogenesis),, or indirectly by passing through UDP-glucose, glycogen, and 

reachingg plasma after glycogen breakdown (indirect gluconeogenesis). Plasma 

glucosee from glycogen (total glycogenolysis) originates from pre-existing liver 

glycogenn stock, and the above-mentioned indirect gluconeogenesis passing through 

thee glycogen-pool. Liver glycogen can be synthesized from plasma glucose and 

indirectt gluconeogenic flux. Newly synthesized glycogen, i.e. glycogen 

synthesizedd in the course of the study, can be either retained in the liver (retained 

glycogenn synthesis) or be degraded again rapidly (synthesis followed by 

breakdown).. Total glycogen synthesis flux is calculated as the sum of glucose 

appearancee from UDP-glucose (synthesis followed by breakdown) and retained 

glycogenn synthesis (originating from both plasma glucose and indirect 

gluconeogenesis).. Total glycogenolysis is calculated as the sum of the breakdown 

off pre-existing glycogen stock and breakdown of newly synthesized glycogen. The 

glycogenn balance can be calculated as retained glycogen synthesis minus total 

glycogenn breakdown. 
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FigFig 10. Sources of plasma glucose 

OutlineOutline of this thesis 

Glucosee production during short-term starvation is a complex interaction and 

collaborationn between gluconeogenesis and glycogen breakdown, which is 

essentiall for glucose homeostasis. It is regulated by an orchestra of endocrine, 

paracrinee mediators, and autocrine mediators, influencing either pathway or both, 

andd to make it even more complicated, each of the mediators can also interact with 

thee other players in the orchestra. Stable isotope techniques allow us to gradually 

visualizee the pathways of importance, and modulate them pharmacologically, both 

inn healthy humans and in disease. 

Thiss thesis addresses the regulation of hepatic glucose metabolism, mainly bv in 

vivovivo research, measuring kinetics of glucose metabolism with stable isotopes. In 

thee first part of this thesis, we explored the influence of two potential paracrine 

mediators,, i.e. nitric oxide (NO) and interferon-y (IFN-y) on glucose production, 

followingg the rather spectacular in vitro effect which nitric oxide exerted on 

glucosee metabolism (chapters 2-5). A sepsis model in dogs was chosen to study the 

effectt of stimulated nitric oxide synthesis on glucose production in vivo (chapter 4). 

Subsequent!}',, in the second part of this thesis, we addressed the influence of 
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autoregulationn on pathways of glucose metabolism. We studied the capacity of 

gluconeogenesiss and glycogenolysis in an infant suffering from severe recurrent 

hvpoglycaemiaa of unknown origin. The failure to respond to glucagon led to the 

suspicionn of a glycogen metabolism disorder, which was refuted by kinetic 

measurementss (chapter 6). Supposing autoregulation of glycogen breakdown by 

glycogenn itself during fasting (as an analogy to the fed state in which high 

glycogenn concentrations induce high rates of breakdown), we compared the 

adaptationn of glycogenolysis to fasting in malaria patients with healthy matched 

controlss (chapter 7). In chapter 8, we studied the adaptation of glucose kinetics to 

short-termm fasting in type 2 diabetes, revealing a different pattern from that in 

healthyy volunteers (chapter 8). Finally, aware that free fatty acids (FFA) play a 

pivotall role in the pathophysiology of insulin resistance and type 2 diabetes, we 

studiedd the role of FFA in the physiological regulation of intrahepatic pathways of 

hepaticc glucose metabolism, once during fasting alone, and once during fasting in 

thee absence of FFA (inhibition of lipolysis with acipimox). This study gives 

uniquelyy detailed insight into how intrahepatic glucose and glycogen fluxes are 

(re)directedd during fasting in vivo, in humans (chapter 9). 

QuestionsQuestions addressed in this thesis: 

1.. Is NO, a product of Kuppfer cells, a paracrine regulator of glucose production 

inn the post-absorptive state? (chapters 2 and 3) 

2.. Does enhanced NO synthesis as induced by endotoxemia play a role in the 

disregulationn of glucose homeostasis in sepsis? (chapter 4) 

3.. Does IFN-y as a product of Kuppfer cells, modulate glucose production in the 

post-absorptivee state (chapter 5) 

4.. How do pathways of glucose production react to a decreasing exogenous 

glucosee infusion in an infant with hypoglycemia of unknown origin? 

(chapterr 6) 

5.. How does glycogenolysis adapt to short-term fasting in malaria, in relation to 

glycogenn content (chapter 7) 

6.. How do pathways of glucose production adapt to short-term fasting in type 2 

diabeticc patients (chapter 8) 

7.. How do intrahepatic pathways of glucose and glycogen metabolism adapt to 

short-termm fasting in healthy humans (chapter 9) 
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8.. What is the role of FFA in the regulation of hepatic glucose and glycogen 

metabolismm during short-tenn fasting in healthy humans? (chapter 9) 
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