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Introduction n 

Introductio n n 
Duringg intrauterine life the fetus receives a continuous supply of nutrients via the placenta. Under 

normall circumstances the requirements for maintenance and growth are met by the delivered 

nutrients,, and there is no need for energy production by the fetus itself. The fetus is therefore 

continuouslyy in a fed state, favoring energy storage in the form of glycogen and fat, and protein 

accretion.. Processes like gluconeogenesis and fatty acid oxidation are absent or simmering in the 

fetus.. After birth, the continuous supply of nutrients is suddenly interrupted by cord clamping, and 

thee newborn infant becomes dependent on endogenous energy production. To counterbalance the 

abruptt transition from the fed to a fasting state, major changes in the regulatory factors of energy 

metabolismm like hormones and enzyme activities have to take place, and the availability of sufficient 

energyy stores is essential. The healthy term newborn infant, with a birth weight appropriate for 

gestationall age (AGA), is sufficiently equipped for the transition to a feeding-fasting cycle with 

fastingg periods up to several hours. This is in contrast to preterm or small for gestational age (SGA) 

infants,, who can endure fasting for much shorter periods1. The balance between energy supply and 

requirementss is even further disturbed by the higher energy needs due to elevated metabolic rates 

inn preterm or SGA infants2. This combination results in a higher incidence of hypoglycemia in these 

infantss compared to term AGA infants34. 

Thee incidence of hypoglycemia in newborn infants that is reported in the literature ranges widely, 

fromm as low as three up to 67% 5S This is due to differences in the patient population, clinical 

condition,, definition of hypoglycemia, screening methods, and strategies for nutrition and fluid 

management.. Because clinical practice is an important determinant of the incidence of hypoglycemia, 

dataa from the literature are of limited importance for individual neonatal intensive care units. The 

Neonatall Intensive Care Unit of the Emma Children's Hospital AMC is a referral unit for preterm 

infantss < 32 weeks gestational age. To prevent hypoglycemia, intravenous glucose administration is 

startedd immediately after birth in very preterm infants. Despite this policy, the incidence of 

hypoglycemia,, defined as one or more plasma glucose concentrations < 2.6 mmol/l, is approximately 

25%% in the infants < 32 weeks gestational age in our ward. 

Hypoglycemiaa is not only a quantitative problem, but can also lead to serious complications, like 

brainn damage. Glucose is the main energy source for the brain9, and insufficient energy supply 

duringg hypoglycemia can result in permanent brain damage. Therefore, because of the frequent 

occurrencee and the serious complications of hypoglycemia, it is important to establish the possibilities 

andd limitations in the pathways of glucose metabolism in newborn infants, in order to improve the 

currentt clinical practice. 

Inn this chapter an overview of the current knowledge of the pathways of glucose metabolism in 

newbornn infants will be given, followed by a discussion of the glucoregulatory factors. This overview 

willl focus on data from kinetic studies, as measurements of plasma concentrations alone provide 
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Chapterr 1 

limitedd information. To put the data from preterm newborn infants in perspective, comparisons will be 

madee with term newborn infants and healthy adults. When data from human newborns are lacking, 

dataa from appropriate animal studies, with preference for newborn rat studies, will be used. The 

newbornn rat pup is the best animal model for glucose metabolism, because its body composition with 

regardd to glycogen stores and adipose tissue is comparable with the body composition of the preterm 

infant.. The discussion on the regulation of glucose metabolism will be followed by an overview of the 

currentlyy available stable isotope methods for measurement of the pathways of glucose metabolism, 

withh special attention for the feasibility and limitations in newborn infants. 

Pathwayss of glucose metabolism 
Thee plasma glucose concentration is the resultant of a balance between glucose supply and glucose 

utilizationn (figure 1). Any disturbance of this balance will lead either to an increase or a decline of 

thee plasma glucose concentration, and may result in hyper- or hypoglycemia. 

Figur ee 1. Glucose production and utilization 

Glucosee production: gluconeogenesis and glycogenosis 

Glucosee can be derived from endogenous or exogenous sources. Exogenous glucose sources are 

enterall or parenteral nutrition. Endogenous glucose is derived from gluconeogenesis or glycogenolysis 

(figuree 2). Most of the endogenously produced glucose is formed in the liver, although the kidney 

alsoo contributes to gluconeogenesis. To what extent the kidney adds to glucose production after an 

overnightt fast is still under debate. In healthy adults percentages of 5 to 23% have been reported, 

althoughh the latter value is generally felt to be an overestimate10-12. There are no data on the 

contributionn of the kidney to gluconeogenesis in newborn infants. 

Inn healthy adults studies on glucose kinetics are usually performed after a period of fasting of at 

leastt 16 hours (overnight fast) to establish a postabsorptive state. The obtained data in adults 

thereforee only represent endogenous glucose production. For obvious reasons, the preterm infant 

cannott be exposed to prolonged fasting periods for research purposes. Studies in preterm infants 

thereforee have to be performed during (par)enteral glucose administration, with or without other 

nutrients.. The obtained results represent the rate of appearance of glucose; the sum of endogenous 
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Figur ee 2. Pathways of hepatic glucose production. 

glucosee production and exogenous glucose supply. When the amount of exogenous glucose is known, 

endogenouss glucose production can be calculated. In healthy adults glucose production measured 

afterr an overnight fast is approximately 11 |imol.kg"1.mirv1, equivalent to 2 mg.kg^.min 1. Prolongation 

off the fast from 16 to 22 hours results in a 20% decline in glucose production13. Data on glucose 

productionn in healthy children are scarce. Children up till the age of six years produce glucose at a 

ratee between 30 and 40 u.mol.kg~1.min', declining to adult levels after that age14'15. The strong 

correlationn of glucose production with estimated brain weight underlines the role of the brain as 

thee main glucose consuming organ. In newborn and preterm infants a rather abundant number of 

reportss on glucose production are published141650. Unfortunately, it is difficult to compare the 

resultss of these studies because of the variation in study population and nutritional circumstances 

off the infants (table 1). Most preterm infants received intravenous glucose during the study, but the 
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AGA A 
AGA A 
AGA A 
AGA A 

number r 

9 9 
9 9 

10 0 

10 0 
10 0 

10 0 
8 8 

10 0 
14 4 

8 8 
10 0 

8 8 
6 6 
3 3 
7 7 

5 5 
4 4 

4 4 
10 0 
4 4 
6 6 

11 1 
6 6 

10 0 
8 8 
6 6 
6 6 
8 8 
6 6 

postnatall age 

19 9 
19 9 

14,99 h 

622 h 
622 h 

2,44 d 
3,55 h 

17,22 h 
5,11 d 

3,99 h 
399 h 

5,33 d 
4,77 d 
4,77 d 
466 h 

3 3 
3 3 
3 3 

8 h h 

200 h 
122 h 

< < 

-- 37 d 

-- 37 d 

++ 5,9 
0 0 
0 0 

 ? 

 0,5 
 6,0 

 1,3 

++ 1,5 
++ 23,0 

++ 0-5 
++ 0,7 

 0,5 
++ 12,0 

-- 4 d 
-- 4 d 
-- 4 d 

++ 11,0 
++ 11,0 
++ 9,0 

: 2 4 h h 
<244 h 
< 2 4 h h 

4 d d 
4 d d 
5 d d 
5 d d 

5 d d 

++ 1,0 

 1,0 
++ 1,0 
++ 1,0 

 1,0 

GPR R 
u.mol/kg/min n 

15,3 3 
13,1 1 

33,6 6 
23,7 7 

7,7 7 

12,3 3 
25,0 0 
17,5 5 

14,6 6 
20,0 0 
33,0 0 
10,7 7 

11,3 3 
10,3 3 
30,1 1 
35,0 0 

9,7 7 

18,7 7 
20,7 7 
17,7 7 
25,7 7 

9,8 8 
15,3 3 
18,2 2 
12,9 9 
9,9 9 

10,4 4 

10,2 2 
16,8 8 

+ + 
+ + 

+ + 

+ + 
+ + 
+ + 

+ + 
+ + 
+ + 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

+ + 

5,0 0 
5,3 3 
8,3 3 

7,2 2 

6,1 1 
11,0 0 
3,5 5 
5,4 4 
9,3 3 

5,4 4 
13,8 8 
2,3 3 
4,4 4 

9,0 0 

1,7 7 
13.0 0 

7,4 4 
2,6 6 

3,3 3 
3,3 3 
8,9 9 

6,1 1 
4,4 4 

9,9 9 

1,2 2 
1,2 2 

1,3 3 
1,2 2 
2,3 3 

IVV glucose 
umol/kg/min n 

0,0 0 
0,0 0 

7,77 + 5,0 

9,44 + 1,1 

35,88 + 1,7 
25,22 + 8,4 

0,0 0 

10,00 + 2,7 
27,77  ? 

0,0 0 
18,33 + 0,3 
16,99 + 0,4 
18,66 + 2,1 
18,33 + 1,1 

0,0 0 

30,22 + 12,8 
37,88 + 14,1 
31,55 + 10,1 

0,0 0 
0,0 0 
0,0 0 

28,88 + 3,9 
28,88 + 3,3 
27,88 + 2,8 
17,33 + 0,7 
17,33 + 0,4 
17,11 + 0,4 

19,77 + 1,0 

16,77 + 0,1 

Tablee 1. Chronological overview of studies measuring glucose production in newborn infants. Data are means  SD 
(orr range when means could not be extracted from the papers). AGA = appropriate for gestational age, SGA = small 
forr gestational age, IDM = infant of diabetic mother Postnatal age is in days (d) or hours (h). 

infusionn rates differed both between as well as within studies. Term infants are mostly studied after 

aa short fasting period, but again, the duration of the fast varied between and sometimes even 

withinn the study groups. In spite of the different circumstances in the studies, several conclusions 

cann be drawn. First, endogenous glucose production declines with increasing rate of intravenous 

glucosee (figure 3), and is almost completely suppressed during exogenous infusion rates higher 

thann 33 u.mol.kg^.min"1 in term in fan ts 2 0 2 1 2 3 2 6 2 8 3 2 3 3 ' 3 5 3 8 4 0 . In preterm infants glucose production 

wass suppressed at an exogenous glucose infusion rate of -52 u.mol.kg"1.min"1 when only glucose 

wass infused35. During parenteral nutrition the glucose infusion rate necessary to suppress glucose 

productionn seemed slightly lower: - 44 u.mol,kg 1 .min1 26. Because glucose supply (endogenous plus 

exogenous)) equals glucose disposal during steady state conditions, these data suggest that in preterm 

infantss glucose requirements are - 4 4 u,mol.kg1.min^ (depending on other nutrients) and in term 

infantss 33 u.mol.kg1 min 1 . The second conclusion from the data in the literature is that basal'glucose 
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enterall feeding remarks s 

Oh h 
Oh h 
0.3-155 h 
33 - 25 h after last feed 
33 - 25 h after last feed 
noo enteral feeding 
noo enteral feeding 
>> 4 h after last feed 
noo enteral feeding 
noo enteral feeding 
>> 2 h after last feed 
noo enteral feeding 
noo enteral feeding 
noo enteral feeding 
3-44 h after last feed 
? ? 
? ? 
? ? 

4-55 h after last feed 
4-55 h after last feed 
4-55 h after last feed 
no o 
no o 
no o 
noo enteral feeding 
noo enteral feeding 
noo enteral feeding 
noo enteral feeding 
noo enteral feeding 

continuouss enteral nutrition + MCT 
continuouss enteral nutrition + LCT 
minimall amounts of enteral feeding 
samee group of infants as next 

minimall amounts of enteral feeding 
duringg iv lipid infusion 
22 infants received IV glucose (9.4 and 10 umol/kg/min) 

duringg TPN 
duringg TPN 
duringg TPN 

duringg glucose only 
duringg glucose + amino acids 
duringg glucose + amino acids + lipids 

noo antenatal steroids 
antenatall steroids incomplete course 
antenatall steroids complete course 
duringg glucose only 
duringg glucose + glycerol 5 umol/kg/min 
duringg glucose + glycerol 10 umol/kg/min 
duringg glucose + amino acids 
duringg glucose + lipids 

productionn rate, without exogenous glucose supply, varies from 17 to 30 u,mol.kg1 .min 1 in preterm 

infants,, measured three to six hours after the last feed1 4-2 0 2 3 2 9 . These data are not different from 

thosee measured in full term infants14-17-18'20'22-23-29. However, due to the supposedly higher glucose 

requirementss in preterm infants, basal glucose production covers only 40-70% of their requirements, 

comparedd to 50-90% in term infants. The third conclusion that can be drawn is that the studies 

includingg both AGA and SGA infants do not support the assumption that glucose production is 

moree impaired in the smaller infants2123-47. In these studies glucose production in SGA infants was 

similarr or even higher than in AGA infants. Finally, from the available data in the literature no 

correlationn between gestational age and glucose production can be determined (figure 4). This 

couldd be due to the large differences in the nutritional circumstances between the studies. 

Dataa on glucose production still provide only limited insight in glucose kinetics, because glucose can 

bee derived from gluconeogenesis and glycogenosis in different ratios. By measuring gluconeogenesis 
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termm AGA 
termm SGA 
preter mm AGA 
preter mm SGA 
Lineai rr  (preter m AGA) 
Lineai rr  (term AGA) 

55 10 15 20 25 30 ? 5 \ 4 0 

exogenouss glucos e (umol/kg/min) 

55 5 

Figur ee 3. Glucose production in relation 
too exogenous glucose supply. 
Dataa from the literature (for references 
seee table 1). 

50 0 
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35 5 
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20 0 

15 5 

10 0 

5 5 
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O O 

A A 

* * 

termm AGA 
termm SGA 
pretermm AGA 
pretermm SGA 
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A A 

266 28 30 32 34 36 

gestationa ll  age (weeks ) 

38 8 40 0 

Figur ee 4. Glucose production in relation 
too gestational age. 
Dataa from the literature (for references 

422 see table 1). 

orr glycogenolysis in addition to glucose production, the other component can be calculated. However, 

reliablee techniques are fairly recently developed and data in newborn infants are therefore still scarce. 

Gluconeogenesis s 
Gluconeogenesiss is the process of formation of glucose, a hexose molecule, from two those molecules. 

Thee triose molecules that can be used as gluconeogenic precursors are derived from lactate, glycerol 

andd several amino acids (especially alanine and glutamine). Important gluconeogenic enzymes are 

pyruvatee carboxylase, phosphoenolpyruvate carboxykinase (PEPCK), fructose 1,6-biphosphatase, 

andd glucose 6-phosphatase51"52. Glucose 6-phosphatase catalyzes the final common pathway of 

gluconeogenesiss and glycogenolysis and is discussed in the next paragraph. The development of 

gluconeogenicc enzymes is summarized by Girard etaP. Most gluconeogenic enzymes have substantial 

activityy in the near-term fetal liver: 50-100% of adult value. The exception is cytosolic PEPCK, with 

ann activity of approximately 25% or less in the fetal liver compared to adults. After birth the PEPCK 

activityy increases markedly, both in term and preterm newborns5456. In fetal and neonatal animal 
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studiess PEPCK activity was lower in SGA compared with AGA controls57 59, possibly limiting the 

gluconeogenicc capacity in SGA infants. 

Gluconeogenesiss can be estimated with measurements of the net splanchnic uptake of gluconeogenic 

precursorss with splanchnic catheterization studies60"52. A second possibility is the use of stable isotope 

techniques,, especially the mass isotopomer distribution analysis and the labeled water method63 65. 

AA third approach is to measure glycogenosis via nuclear magnetic resonance spectroscopy (13C-

NMR)) and glucose production via stable isotope techniques, and to calculate gluconeogenesis from 

thesee two parameters66. The stable isotope methods and 13C-NMR are discussed in the last paragraph 

off this chapter. 

Thee contribution of gluconeogenesis to glucose production in healthy adults after an overnight fast 

iss between 20 and 65%, partly depending on the technique used6571. After prolonged fasting 

gluconeogenesiss is the predominant, more than 95%, source of glucose production in healthy 

adults65,59'722 73. In healthy pre-pubertal children and adolescents gluconeogenesis contributes 50% 

too glucose production after an overnight fast15. In newborn infants reliable quantitative measurements 

off gluconeogenesis are scarce. Several studies report estimations of gluconeogenesis using stable 

isotopee techniques with labeled lactate, glycerol and alanine, or the recycling of glucose16'18-2229 

31,41̂ 3,45,47,74.. By using labeled precursors the contribution of only one precursor is evaluated, omitting 

thee contribution of the other substrates, thereby underestimating gluconeogenesis. Despite this 

limitation,, these studies showed that gluconeogenesis is already active on the first postnatal day, 

bothh in term and preterm infants. The newer methods for measurement of gluconeogenesis provide 

moree reliable quantitative measurements. These methods are the mass isotopomer distribution 

analysiss (MlDA), developed by Hellerstein et al, and the labeled water (2H20) technique by Landau 

eff al64'65. Both methods are described in the last paragraph of this chapter In the 2H20 technique, 

deuteriumm labeling of glucose carbon 5 or carbon 6 can be measured, but the latter does not 

accountt for the contribution from glycerol, leading to underestimation of gluconeogenesis. Therefore, 

thee 2H20-technique should be used with measurement of deuterium labeling of carbon 5, in order 

too obtain reliable estimates of gluconeogenesis. However, this requires relatively large-volume blood 

samples,, and is not feasible in small infants. So far, only four studies in newborn infants using the 

MIDAA and 2H20-techniques are publ ished4 6 4 7 4 9 5 0 . In two studies the 2H20-method was used, 

measuringg deuterium enrichment on glucose carbon 6 46"47. The theoretical consideration that this 

leadss to underestimation of gluconeogenesis was confirmed by Sunehag ef al, who compared the 

MIDAA technique with the 2H20-method with measurement of carbon 6 labeling46. In three studies 

thee MIDA technique was used to measure gluconeogenesis in preterm AGA infants464950 . During 

parenterall nutrit ion containing 17 u.mol glucose.kg -1.min -1, gluconeogenesis accounted for 

approximatelyy 75% (~11 u,mol.kg~1.min"1) to glucose production46. During glucose infusion alone at 

aa rate of 17 u.mol.kg Vmin1 , the absolute rate of gluconeogenesis remained unchanged for ten 

hourss at approximately 5-6 u.mol.kg 1 .min 1. Due to the decrease in glucose production, 
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gluconeogenesiss as a percentage of glucose production (fractional gluconeogenesis) increased from 

377 to 77% 49. In term infants no reliable quantitative data on gluconeogenesis have been obtained. 

Inn conclusion: gluconeogenesis is established on the first postnatal day in newborn infants, but 

reliablee quantitative data on gluconeogenesis in newborn infants are scarce. So far, only studies in 

pretermm AGA infants have been performed, showing that both absolute and fract ional 

gluconeogenesiss is comparable with data in older children and healthy adults after an overnight 

fast.. However, due to their increased requirements it is questionable whether this is sufficient for 

newbornn infants. 

Glycogenosis s 

Glucosee is mainly stored in the liver and muscles as glycogen, a glucose polymer. Glycogenosis or 

glycogenn breakdown is the process of debranching glucose polymers by glycogen phosphorylase to 

glucosee 1-phosphate. Glucose 1-phosphate is converted to glucose 6-phosphate, that has to be 

dephosphorylatedd by glucose 6-phosphatase in order to leave the cell75. Glucose 6-phosphatase is 

presentt in liver cells, but not in muscle. Therefore, muscle cells cannot contribute to glucose production 

directly.. The fate of glucose released from muscle glycogen is oxidation to lactate, which can be 

convertedd to glucose (gluconeogenesis) by the liver. Muscle glycogen thus contributes only indirectly 

too glucose production. 

Glycogenn synthase and phosphorylase are the enzymes involved in glycogen synthesis and breakdown, 

respectively755 77. The ratio of the active formss of these enzymes determines whether glycogen is stored 

orr released. In both animal and human studies the ratio is in favor of glycogen synthase during fetal 

life,, but switches to glycogen phosphorylase in the immediate postnatal period53-78 7S. Despite lower 

prenatall glycogen synthase and phosphorylase activities in SGA fetuses compared with AGA controls, 

adequatee glucose supply resulted in an increase in liver glycogen synthesis, suggesting that insufficient 

glucosee transport is a more important factor than the lower enzyme activities for the smaller glycogen 

storess in SGA fetuses8082. Data comparing the postnatal glycogen synthase and phosphorylase activity 

inn AGA and SGA newborns are lacking. Glucose 6-phosphatase catalyzes the final common pathway 

off glucose production from gluconeogenesis and glycogenosis75. In the human fetus glucose 6-

phosphatasee first appears at 11 weeks gestational age, and gradually increases toward term. After 

birth,, the enzyme activity increases dramatically and adult concentrations are reached after three to 

fourr days in term infants83. In preterm infants, however, glucose 6-phosphatase enzyme activity is 

muchh lower than in term infants of comparable postnatal age84. The development of glucose 6-

phosphatasee activity in the human fetus and newborn is remarkably different from the rat pattern83. 

Althoughh the newborn rat in general is a good model for studying glucose metabolism in preterm 

infants,, this is apparently not true for data about glucose 6-phosphatase. 

Glycogenosiss can be measured by nuclear magnetic resonance spectroscopy combined with stable 

isotopess (13C-NMR) or by repeated liver biopsies85. Both techniques cannot be performed in newborn 
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infantss for research purposes {see last paragraph of this chapter). Data on glycogenosis therefore 

havee to be deduced from other sources. One possibility is to measure glucose production and 

gluconeogenesis.. By subtracting these two parameters, the rate of glycogenosis is obtained. Studies 

performingg reliable measurements of gluconeogenesis in newborn infants are described above45-49 50. 

Inn preterm infants receiving parenteral nutrition glycogenosis contributed less than 50% to glucose 

production46.. During glucose infusion alone for ten hours glycogenosis declined substantially, 

bothh in absolute numbers and as percentage from the glucose production; from 7.8 + 1.2 to 1.7 + 

0.88 fj.mol.kg-1.min 1 and from - 6 0 to - 2 3 % of glucose production4 9 . Quantitative data on 

glycogenosiss in term infants are lacking. 

AA prerequisite for glycogenolysis is the presence of sufficient glycogen stock. In healthy adults 

glucosee production decreased linearly by 10-20% between 16 and 22 hours of fasting86. This decrease 

wass due to a decrease in glycogenolysis, as gluconeogenesis remained constant during the first 24 

hourss of fasting6668. After an overnight fast the liver glycogen content is limited to 70-150 g in 

healthyy adults66-85. Glucose consumption occurs at a rate of approximately 225 g per day, and 

hepaticc glycogen stores are therefore quickly depleted during prolonged fasting. After 64 hours of 

fastingg liver glycogen content was only 10% of the content before fasting56. The decrease in 

glycogenolysiss occurred concomitant with the decline in hepatic glycogen content66-87. These data 

supportt the hypothesis of a close correlation between glycogenolysis and liver glycogen content 

duringg fasting, as shown earlier for the fed state88. 

Thee available data on glycogen stores in newborn infants were obtained from postmortem studies. 

Liverr glycogen is first present around 13 weeks gestational age and increases markedly between 24 

andd 36 weeks78 8990 . Preterm infants therefore have lower liver glycogen content than term infants. 

Inn SGA infants liver glycogen content is lower than in AGA infants of comparable gestational age91. 

Afterr birth the liver glycogen concentration rapidly falls to less than 10% of that at birth92. Because 

glucosee production in the first hours after birth is mainly derived from glycogenolysis, these data 

explainn the higher risk of hypoglycemia in preterm or SGA infants, at least on the first postnatal day. 

Thee course of the liver glycogen content after the first postnatal day is less well known. The available 

dataa in human newborns are again derived from postmortem studies. An obvious limitation of 

thesee studies is that the findings may be related to the clinical course and cause of death, rather 

thann factors like gestational age or birth weight. However, the limited data in human newborns and 

dataa from animal studies indicate that the liver glycogen content remains low for several days and 

graduallyy increases towards the adult level after two to three weeks89-9398. There are no studies 

comparingg the course of liver glycogen content in the first postnatal weeks in human AGA versus 

SGA,, or preterm versus termm newborns. In guinea-pigs the liver glycogen content was lower in SGA 

comparedd to AGA newborns between 35 and 55 hours after birth59. This suggests that liver glycogen 

contentt remains lower after the first postnatal day in SGA newborns, which possibly contributes to 

thee increased risk of hypoglycemia in these infants. 
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Glucosee utilization: oxidative and non-oxidative 

Glucosee utilization forms the opposite side of the glucose balance, and can be separated in oxidative 

andd non-oxidative utilization (figure 1). Oxidative glucose utilization is aimed at energy production, 

non-oxidativee utilization mainly at energy storage as glycogen or fat. 

Oxidativee glucose utilization 

Glucosee oxidation is the process of energy (ATP) production from glucose molecules, and involves 

aboutt two dozen biochemical steps in three metabolic pathways. First, glucose is oxidized through 

glycolysiss to two pyruvate molecules (figure 5). In a second step pyruvate is converted to acetylCoA 

byy pyruvate dehydrogenase. AcetylCoA entersthe Krebs cycle and is further oxidized to carbondioxide. 

InIn the Krebs cycle, the hydrogen carriers NAD+ and FAD are reduced to NADH+H+ and FADH,, 

whichh donate their electrons to the respiratory chain. The respiratory chain is the third metabolic 

pathwayy involved. Synthesis of ATP is the result of electron transport (removal of electrons from 

NADH+FTT and FADH2) coupled to the synthesis of ATP from ADP and phosphate. 

Non-oxidativee glucose utilization 

Non-oxidativee glucose utilization represents mainly storage of glucose as glycogen and fat; other 

possibilitiess like cycling in the pentose-phosphate pathway and formation of carbon skeletons for 

aminoo acids are quantitatively insignificant, and will not be discussed further. When carbohydrates 

aree supplied in excess of immediate demands, the surplus glucose is stored initially as glycogen 

(glycogenn synthesis) and later on as fat. The main enzyme involved in glycogen synthesis is glycogen 

synthase,, which was discussed above. Glycogen can be stored only to a limited extent in the body; 

aa healthy well-fed adult stores approximately 70 g glycogen in the liver and approximately 200 g in 

muscles.. The remaining carbohydrate surplus is converted into fat by redirection away from the 

glycolysiss pathway (phosphofructokinase is blocked by high ATP and citrate) to the pentose-phosphate 

pathway,, also known as the hexose-monophosphate shunt. The aim of this redirection is production 

off NADPH+FT, a hydrogen carrier used for fatty acid synthesis. The product of the pentose-phosphate 

pathway,, glyceraldehyde 3-phosphate, enters the glycolysis pathway below the blocked 

phosphofructokinasee level, and subsequently enters the Krebs cycle. In the well-fed state the 

mitochondrionn generates large amounts of ATP and NADH+FT and diverts citrate from the Krebs cycle 

intoo the cytosol for fatty acid synthesis. Three fatty acids are combined with one glycerol 3-phosphate 

molecule,, forming a triacylglycerol (or triglyceride). The triacylglycerols are the storage form of fat. 

Studiess measuring the contribution of oxidative and non-oxidative glucose utilization in the newborn 

infantt in the first postnatal week are scarce. Similar to the glucose production studies, the studies 

onn glucose oxidative capacity also show large variations in the study population and nutrient 

supply22'2633-100"102.. Glucose oxidation was found to increase with increasing glucose infusion rate. 

Noo differences in glucose oxidation between term and preterm infants, or AGA and SGA infants 
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Figur ee 5. Glycolytic pathway. 

weree detected. The maximum oxidative capacity of the body is determined by the energy requirements. 

Ass long as the energy requirements are not exceeded by exogenous supply, glucose oxidation will 

increasee with increasing glucose supply, due to a shift from fatty acid to glucose oxidation. When 

thee energy needs are exceeded, the excess will be stored as glycogen or fat. Because this process 

consumess energy and oxygen and produces carbondioxide, the metabolic rate, carbondioxide 

productionn and oxygen consumption will increase with increasing glucose intake. Furthermore, 

theree is a risk that the newly synthesized fat will accumulate in the liver, which may be an etiological 

factorr in the development of parenteral nutrition associated liver disease. Therefore, it is generally 

consideredd undesirable to deliver glucose in excess of immediate demands and oxidative capacity. 

Thee maximum oxidative capacity is not studied systematically in newborn infants in the first postnatal 

week.. In infants up to one year of age a maximum glucose oxidation capacity of ~70 umol.kg1.min1 

iss reported103"104, which decreases with age to approximately 17 u,mol.kg~1.min~1 in adults105106. 
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Regulatio nn of  glucos e metabolism : difference s betwee n 
newbor nn infant s and health y adult s 

Glucoregulatoryy hormones 
Insulinn and glucagon are the most important hormones involved in the acute regulation of the 

plasmaa glucose concentration by modification of endogenous glucose production. Catecholamines 

aree main regulators during stress situations. The influence of the other classic glucoregulatory 

hormones,, Cortisol and growth hormone, has a more chronic character107 

Insulin n 

Insulinn is secreted by the pancreatic (3-cells, which are tremendously sensitive to subtle changes in 

thee plasma glucose concentration, and rapidly adapt insulin secretion to the current needs107. Insulin 

regulatess glucose metabolism by stimulation of peripheral glucose uptake and inhibition of hepatic 

glucosee production108. In healthy adults after an overnight fast, basal insulin concentrations decline 

fromm 500 (post prandial) to approximately 35 pmol/l . This results in a redirection of glucose from 

insulin-dependentt tissue, e.g. resting muscle, liver and fat, which can also use FFA as fuel source, to 

non-insulinn dependent tissue like the brain, blood cells and the kidney, which need glucose for their 

energyy supply109. Concomitantly, the insulin-induced inhibition of hepatic glucose production subsides, 

resultingg in an increase in gluconeogenesis and glycogenosis. Glycogenosis is more sensitive to 

smalll changes in the insulin concentration than gluconeogenesis110"112. The effect of insulin on 

g lycogenosiss is mediated by the portal insulin concentration directly, whereas it exerts both direct 

andd indirect effects on gluconeogenesis. Insulin acts on glycogenosis by increasing the activity of 

glycogenn synthase and by decreasing the activity of glycogen phosphorylase. Insulin's direct inhibiting 

effectt on gluconeogenesis is mediated by inhibiting the transcription of phosphoenolpyruvate 

carboxykinase,, a rate limiting gluconeogenic enzyme113. The indirect effect on gluconeogenesis is 

mediatedd by a reduction in the availability of glycerol and amino acids, secondary to the effect of 

insulinn on fat and muscle tissue114115. The primary route by which insulin maintains control over 

glucosee production is probably indirect and mediated by FFA114117. On the other hand, FFA are not 

onlyy an intermediate signal in the effect of insulin on glucose metabolism, they also influence insulin 

secretion.. Without circulating FFA, insulin secretion in response to glucose was deficient. In return, 

insulinn decreases FFA concentrations due to a strong inhibitory effect on lipoiysis. These data lead to 

thee concept of a feedback loop for FFA as "metabolic messengers"118. In summary, the role of 

insulinn in the regulation of glucose production is extensively studied in healthy overnight-fasted 

adults,, and recently the importance of FFA as metabolic messengers has been well-established. 

InIn newborn infants a much smaller number of studies focused on the influence of insulin on glucose 

production.. In the fetus at term the insulin concentration is much higher than in the adult. Immediately 

afterr birth the insulin concentration decreases dramatically. This decrease continues until two to 

fourr hours after birth, and subsequently the insulin concentration remains low during the whole 
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perinatall period119. Measurements of glucose kinetics in relation to the plasma insulin concentration 

inn preterm infants revealed that the insulin concentration was positively correlated with the plasma 

glucosee concentration40-120 and the glucose infusion rate2035, and negatively correlated with the 

endogenouss glucose production rate39. The direction of the changes in response to insulin is therefore 

similarr in newborn infants compared to adults, but the magnitude seems different. This is illustrated 

byy the possibility to suppress glucose production and by the response of insulin secretion to glucose 

supply.. Both glucose and insulin have been shown to suppress glucose production in adults108. In 

pretermm infants the ability of glucose to suppress glucose production completely has been shown in 

severall studies at glucose infusion rates of approximately 44 u.mol.kg Vmin1, even in preterm infants 

<< 28 weeks gestational age2635,120. Based on these studies glucose requirements are presumed to be 

approximatelyy 44 u.mol.kg 1.min_1 in very preterm infants35. Other studies found "persistent" glucose 

production,, both in term and preterm infants, which could be due to administration of glucose at a 

ratee lower than the glucose requirements, or to diminished hepatic sensitivity to insulin20"21'2339. The 

bestt method to assess hepatic insulin sensitivity is a euglycemic hyperinsulinemic clamp study. This was 

performedd in only one study in human preterm infants121. In comparison with healthy adults, glucose 

productionn was reduced at relatively low insulin concentrations of -63 pmol/l. However, complete 

suppressionn of glucose production could not be achieved in the preterm infants with insulin 

concentrationss up to -630 pmol/l, which have been shown to suppress glucose production fully in 

adults108.. Apart from hepatic insulin resistance, the difference in the extent of suppression of glucose 

productionn could be due to the lower plasma glucose concentrations in the preterm infants (-3.4 

mmol/l1211 vs. -5.3 mmol/l in adults108). Glucose and insulin clamp studies have demonstrated that 

increasess in both glucose and insulin concentrations contribute to the suppression of endogenous 

glucosee production108122123. Insulin alone can suppress glucose production without increases in the 

glucosee concentration, but higher concentrations are required for complete suppression108. Whether 

hepaticc insulin sensitivity is different in preterm infants compared to adults remains to be determined. 

Inn turn, glucose administration caused an immediate increase in insulin secretion in adults122'123. In 

bothh term and preterm infants insulin secretion in response to glucose was delayed and variable in 

magnitude124126.. The preterm infants showed a low response on the first postnatal day, which 

graduallyy increased over several weeks124. 

Inn conclusion, the direction of the interaction between insulin and glucose metabolism is similar in 

newbornn infants compared to adults, but the magnitude seems different. 

Thee counterregulatory hormones 

Glucagon Glucagon 

Glucagonn is secreted by the pancreatic a-cells and its effects on glucose metabolism are opposite to 

thee insulin effects127. The pancreatic o^cells respond quickly to changes in the plasma glucose 

concentration,, although they appear more sensitive to a decrease than to an increase128"130. Both 
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smalll changes in the plasma glucagon concentration and lack of maintenance of basal glucagon 

concentrationss have been shown to result in significant changes in glucose kinetics131 132. Glucagon 

stimulatess both glycogenosis and gluconeogenesis. The increase in glycogenosis occurs rapidly 

afterr a rise in the plasma glucagon concentration, whereas the stimulation of gluconeogenesis is 

delayed107-133134.. Glucagon stimulates glycogenosis by activation of glycogen phosphorylase, the 

rate-limitingg enzyme for hepatic glycogen breakdown135. The stimulating effect on gluconeogenesis 

iss the result from an increase in the gene transcription of the gluconeogenic enzyme phosphoenol-

pyruvatee carboxykinase135, stimulation of fructose 1,6-biphosphatase, and inhibition of pyruvate 

kinase.. In addition, glucagon increases the synthesis of glucose 6-phosphatase. Glucagon has no 

effectt on the release of gluconeogenic precursors from muscle or fat'37"138, but does have lipolytic 

effectss in the liver, resulting in release of FFA and glycerol, thereby contributing to gluconeogenesis139. 

Thee effect of glucagon on glucose production wanes with time, independent of the changes in the 

plasmaa insulin or glucose concentration140142. This is ascribed to intrahepatic inhibitory feedback 

signals140.. In conclusion: in healthy adults glucagon plays an important role in the short term glucose 

regulation,, acting primarily by changes in glycogenolysis. 

Inn the fetus at term the plasma glucagon concentrations are comparable to those in maternal 

plasma.. The glucagon concentration increases about threefold to a peak within two hours after 

birth,, and during the perinatal period it remains at a six- to eightfold higher level compared to 

adults.. The increase in the glucagon concentration reverses the prenatal high insulin to glucagon 

ratio,, thereby favoring glycogenolysis and gluconeogenesis119-143. In term and preterm infants the 

plasmaa glucagon concentrations were similar20"21'144. SGA newborn infants showed high plasma 

glucagonn concentrations during hypoglycemia; an adequate response145. In turn, glucose infusion 

immediatelyy reduced the plasma glucagon concentration, although to a greater extent in term than 

inn preterm infants125. The glucagon response to changes in the glucose concentration therefore 

showss a similar direction compared to adults. The magnitude of the response of glucose kinetics to 

physiologicall changes in the glucagon concentration in newborn infants is not studied in detail, but 

nonee of the studies measuring glucose production and glucagon concentrations reported a correlation 

betweenn these parameters20"21-33'39'42'120. 

Inn addition to physiological alterations of hormone concentrations, pharmacological interventions 

offerr another opportunity to study the effect of hormones on glucose metabolism. Glucagon 

administrationn can be performed for diagnostic purposes. In clinical practice the response of plasma 

glucosee concentrations to a bofus glucagon is frequently used in the diagnostic work-up of glycogen 

storagee disease to test the ability to release glucose from glycogen stores. Several studies reported 

thee effect of glucagon on the plasma glucose concentration in newborn infants146153. The magnitude 

off the increase in plasma glucose concentration after glucagon is lower in preterm infants {~1.7 

mmol/ l)) compared to term newborns and healthy adults (~4 mmol/ l )1 4 9 1 5 2 1 5 5 . AGAand SGA infants 

demonstratedd a similar increase in the plasma glucose concentration after a bolus glucagon147153. 
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Thee change in the plasma glucose concentration in response to glucagon is not necessarily indicative 

off a comparable change in glycogenolysis, as recently described by our group156. Theories about 

glycogenn kinetics therefore have to be based on more direct measurements. Glycogenolysis and the 

responsee to glucagon are positively correlated with the glycogen content of the liver668788157"160. 

Byy combining the glucagon test with measurements of glucose production, gluconeogenesis and 

glycogenolysis,, an estimate of liver glycogen content in vivo is obtained, avoiding invasive procedures. 

Soo far, no studies measuring glucose production and/or glycogenolysis in response to glucagon in 

veryy preterm infants (< 32 weeks) have been reported. 

Inn conclusion: in newborn infants the direction of the glucagon effects on glucose metabolism is 

comparablee with adults, but the magnitude of this effect is less weli-established. More insight could 

bee obtained by the administration of glucagon combined with stable isotope studies. 

Catecholamines Catecholamines 

Thee catecholamines epinephrine and norepinephrine do not play a role in the regulation of glucose 

metabolismm in the non-stressed state, but mediate an appropriate response of glucose metabolism 

too stress107161162. Epinephrine stimulates both glycogenolysis and gluconeogenesis. It exerts a direct 

effectt on glycogenolysis, whereas the effect on gluconeogenesis is indirect via gluconeogenic precursor 

release.. The response to epinephrine is sustained, compared to the response to glucagon, because 

epinephrinee stimulates the release of gluconeogenic precursors and FFA from muscle and fat163. 

Epinephrinee also increases the plasma glucose concentration by a sustained suppression of glucose 

disposal164165.. The threshold for epinephrine to induce an effect on glucose metabolism is estimated 

too be between 0.55 and 1.1 nmol/l161 '165"166. 

Thee effects of norepinephrine are comparable to those of epinephrine. The threshold for norepinephrine 

too exert an effect on glucose metabolism is estimated to be between 8.8 and 12 nmol/l165. 

Bothh in term and preterm infants the catecholamine concentrations increase shortly before birth, 

andd they remain high in the first hours after birth. Arterial cord blood concentrations of epinephrine 

weree comparable in preterm and term infants, and five to ten times higher than those found in 

healthyy adults after an overnight fast. Norepinephrine concentrations in arterial cord blood were 

alsoo comparable between preterm and term infants, and were 7.5 to 15 times higher than 

norepinephrinee concentrations in healthy overnight-fasted adults13167. The influence of catecholamines 

onn glucose kinetics has not been measured in newborn infants. 

Cortisol Cortisol 

Corticosteroidss are involved in the regulation of all major pathways of substrate metabolism. Their 

influencee on glucose metabolism consists of activating gluconeogenic enzymes, augmenting the 

transferr of free ammo acids to the liver, inducing hepatic insulin resistance, and increasing glycogen 

synthesis168172.. The effects of acute increases in the Cortisol concentration are different from 
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chronicc increases. An acute increase in Cortisol results in reduced glucose production, despite a 

smalll increase in gluconeogenesis. This is due to an increase in glucose 6-phosphate, which increases 

glycogenn synthase activity and directs glucose to glycogen. Chronically increased Cortisol 

concentrationss result in an increase in glucose production, glycogen synthesis, and a marked 

increasee in gluconeogenesis'70 '172. In contrast to the acute stimulating effects of glucagon and 

catecholamines,, the stimulating effect of Cortisol on glucose production is delayed. In conclusion, in 

adultss Cortisol influences different pathways of glucose metabolism. The acute effects differ from 

thee chronic effects. 

Inn the prenatal period glucocorticoids play a role in glycogen accumulation, in concert with insulin14'. 

Plasmaa Cortisol concentrations are high in umbilical cord blood (-700-1100 nmol/l) and rapidly 

declinee during the first 24 hours after birth (to -275-400 nmol/l)173. In healthy overnight-fasted 

adultss the Cortisol concentrations are approximately 200 nmol/l13. 

Despitee the widespread use of corticosteroids in the perinatal and neonatal period, data on the 

effectt on glucose kinetics are scarce and contradictory334648. 

GrowthGrowth hormone 

Physiologicc concentrations of growth hormone exert both early insulin-like and late insulin-antagonistic 

effectss on hepatic and extrahepatic tissues in humans174. The role of growth hormone as a 

counterregulatoryy hormone in acute hypoglycemia seems limited, but it becomes much more 

importantt during prolonged hypoglycemia175, when growth hormone exerts its effect by increasing 

glucosee production and limiting glucose utilization. Growth hormone is a potent insulin-antagonist, 

butt it takes approximately three hours for the anti-insulin actions of growth hormone to become 

evident'74175 .. The effects on glucose production occur first (after - 3 hours) and predominate over 

thee effects on glucose utilization, which take place after -4.5 hours. Apart from an effect on glucose 

metabolism,, growth hormone also stimulates lipolysis during prolonged hypoglycemia, providing 

gluconeogenicc substrate and alternative fuels which could substitute for glucose175. In conclusion: 

inn adults growth hormone has no short term effects on glucose metabolism, but is an important 

regulatorr during prolonged hypoglycemia. 

Inn newborn infants the plasma growth hormone concentration is high at birth (-60 u.g/1) and 

remainss high for several days. It stabilizes after the first week at -1 5 u.g/1 in term infants173176178 . 

Inn adults the basal growth hormone concentration is usually undetectable179. Growth hormone 

administrationn in preterm SGA infants in the postnatal period had no effect on glucose production 

orr leucine kinetics180. This was ascribed to a relative insensitivity or resistance to growth hormone 

duringg the postnatal period in preterm infants181. 

InIn conclusion, growth hormone plays an important role in the regulation of glucose metabolism 

duringg prolonged hypoglycemia in adults. Growth hormone did not affect glucose metabolism in 

normoglycemicc preterm infants, but there are no data in hypoglycemic newborn infants. 
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Plasmaa glucose concentration and hepatic autoregulation 

Itt is long recognized that the liver is able to react directly to changes in the plasma glucose 

concentrationss with reciprocal changes in hepatic glucose output, a process called hepatic 

autoregulation182183.. This process does not depend on changes in the glucoregulatory hormones or 

neurall control122'184"188. 

Thee mechanisms responsible for autoregulation involve changes in glucose 6-phosphate and/or 

glucosee 6-phosphatase183'189 (figure 6), promoting glucose cycling. Glucose 6-phosphate is the most 

potentt enhancer of glycogen synthase activity, and the balance between glycogen synthase and 

phosphorylasee determines the direction of the balance between glycogen synthesis and 

glycogenosis7 6 '1 9 0 .. Whether gluconeogenesis or g lycogenosis is adapted in the process of 

autoregulation,, seems to be determined by the nutritional state, in particular the glycogen reserves183. 

Inn conclusion, hepatic autoregulation provides an important additional mechanism to hormonal 

controll of the plasma glucose concentration183. In disease, e.g. type 2 diabetes mellitus, autoregulation 

mayy become defective, resulting in disregulation of glucose homeostasis72'191192. 

Inn newborn infants the relationship between the plasma glucose concentration and glucose production 

iss less clear. Several studies report a positive correlation between these two parameters, suggesting 

thatt glucose production determines the plasma glucose concentration, instead of a regulatory role 

forr the glucose concentration40"41'45. Other studies reported no correlation27'38"39 and some found a  a 

negativee correlation2328. The latter data support the concept that the plasma glucose concentration 

contributess to the regulation of glucose metabolism in newborn infants. From the variable results in 

differentt studies it seems that the plasma glucose concentration plays a minor role in the regulation 

off glucose metabolism in newborn infants and that other factors are probably more important193. 

Inn conclusion, autoregulation is an important mechanism in the regulation of glucose metabolism in 

healthyy adults after an overnight fast, but it seems to be less well developed in newborn infants. 

.. , * glycogen , GLYCOGEN qlycoqen 
glucoseglucose 6-phosphatase phosphorylase*/ \ synthase* 

GLUCOSEE I cyciin? ) glucose 6-phosphate < *• glucose 1-phosphate >• UDP-glucose 

glucokinase glucokinase 

Figur ee 6. Mechanisms of hepatic autoregulation. Asterisks indicate likely sites for autoregulatory actions. Glucose 
cyclingg could be promoted by either an increase in substrate (glucose) supply or glucose 6-phosphatase activity. 
Glucosee 6-phosphate is the most potent enhancer of glycogen synthase activity. 

Substrates s 

Alll metabolic pathways depend on the presence of sufficient precursor supply. Glycogen is the precursor 

forr glycogenosis, which is discussed in a previous paragraph. For the process of gluconeogenesis 
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severall precursors can be used; the most important are lactate, glycerol, and gluconeogenic amino 

acidss like alanine and glutamine. In healthy adults after an overnight fast, the estimated contribution 

off the gluconeogenic precursors to glucose production is -15% for lactate194197, -3-6% for glycerol198 

1999 and 6-12%.for alanine200201. After prolonged fasting, the contribution of glycerol to glucose 

productionn increases158 2022C3. In the kidney glutamine and lactate are the main contributors to 

gluconeogenesis12-204. . 

Duringg short term fasting (<86 hours), precursor supply does not limit gluconeogenesis in healthy 

adults,, and although precursor supply in this period results in an increase in gluconeogenesis from 

thee substituted precursor, this is balanced by a proportional decrease in gluconeogenesis from 

otherr precursors and/or a decrease in glycogenosis184"185 '205209. Therefore, total glucose production 

didd not increase by precursor supply during short term fasting Prolonged fasting however, results 

inn low precursor concentrations, and under these circumstances precursor supply does lead to an 

increasee in glucose production210212 . 

InIn newborn infants alanine contributes approximately 9 to 1 3% to glucose production, comparable 

too adults74. The contribution of lactate has not been quantified, but seems higher in preterm than 

inn term infants and adults29. The contribution of glycerol to glucose production in newborn infants 

iss more extensively studied than the other precursors. In term AGA and SGA newborns after a fast 

off several hours glycerol contributed between 5 and 20% to glucose production1631-41. In preterm 

infantss studied during intravenous glucose or parenteral nutrition the glycerol contribution to glucose 

productionn was - 5 % and -47%, respectively42-46. The higher contribution of glycerol to glucose 

productionn during parenteral nutrition (that provides glycerol) suggests that precursor supply could 

bee a limiting factor in preterm infants. 

Insufficientt precursor supply is more likely to occur in newborn infants than in adults. Due to limited 

fuell reserves combined with increased energy needs, children and especially newborn infants endure 

fastingg for considerably shorter periods of time than adults. It has been established that an adult 

mayy survive total starvation for about 70 days, a term newborn for 30 days, but a preterm infant for 

onlyy five days213. Exogenous nutrient supply is therefore extremely important for newborn infants, 

andd studies on circulating gluconeogenic substrates in newborn infants are confined to very short 

fastingg periods for ethical considerations7-144145-214. Gluconeogenic substrate concentrations have 

beenn measured in several studies, revealing variable results, probably mainly due to differences in 

postnatall age and/or duration of fasting7-144145-173-21S. The value of plasma concentrations of 

substratess is limited in general, because the plasma concentration is the resultant of a balance between 

supplyy and utilization. High plasma concentrations can therefore reflect superfluous supply or limited 

abilityy to metabolize the substrate. In reverse, low plasma concentrations can be due to limited substrate 

availabilityy and/or increased utilization. Kinetic measurements are required to differentiate between 

thesee possibilities. Glycerol turnover in term and preterm infants is discussed in the next paragraph. 

Onlyy one study evaluated the effect of administration of the gluconeogenic precursor glycerol with 
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measurementss of glucose kinetics, showing that both gluconeogenesis and glucose production were 

higherr during glycerol infusion in preterm infants in the first postnatal week49. 

Inn conclusion, in newborn infants the main gluconeogenic precursors are similar as in adults, i.e. 

lactate,, glycerol and ammo acids. Limitations in the rate of gluconeogenesis due to insufficient 

gluconeogenicc precursor supply are more likely to occur in newborn and especially preterm infants, 

becausee of limited availability. Kinetic studies with measurement of gluconeogenesis are required to 

confirmm this hypothesis. So far, in only one study the effect of gluconeogenic precursor supply has 

beenn evaluated49, demonstrating an increase in gluconeogenesis during glycerol administration. 

Freee fatty acids 
Freee fatty acids (FFA) are important regulators of glucose metabolism in both healthy individuals 

andd in disease. FFA are no longer considered to be ordinary substrates for energy metabolism, but 

theyy are recognized as "metabolic messengers", mediating the close interaction between insulin 

andd glucose metabolism118215. 

FFAA play an important role in both health and disease. The physiological role of FFA involves energy 

supplyy to most body tissues. They are the primary oxidative fuel for liver, resting skeletal muscle, 

renall cortex and myocardium217. During exercise and starvation lipid oxidation increases, thereby 

preservingg glucose for cerebral requirements. A second situation where FFA have an important 

physiologicall role is during pregnancy. Initially additional fat is produced, but in the later stages of 

pregnancyy lipolysis is stimulated, inducing increased FFA concentrations and peripheral insulin 

resistance.. This causes a switch in maternal fuel metabolism from carbohydrate to fat oxidation, 

maximizingg the availability of glucose for the fetus218. In addition, FFA enhance both basal and 

glucose-stimulatedd insulin secretion219"220. 

Inn pathological situations FFA induce insulin resistance both in muscle, affecting glucose uptake, and 

inn the liver, influencing glucose production221. The pathological role of FFA in insulin resistance has 

beenn in the centre of interest in the last decade, because of the exponential increase in the incidence 

off type 2 diabetes mellitus, a disease characterized by elevated FFA concentrations and insulin resistance. 

Thee effects on glucose disposal were first described in 1963 by Randle as the glucose-fatty acid 

cycle.. The key-points of this cycle are: a) the increased availability of FFA in blood produces an 

increasee in intramuscular acetyl-CoA and citrate content; b) acetyl-CoA inhibits pyruvate 

dehydrogenasee al loster ical ly, thereby reducing glucose ox ida t ion ; c) c i t ra te inhibits 

phosphofructokinase-11 and thus glycolysis itself, eventually resulting in the impairment of glucose 

uptake222.. In other words: in response to elevated FFA concentrations the rate of fat oxidation 

increasess compared to carbohydrate oxidation, and this is associated with a decrease in insulin 

stimulatedd glucose uptake and utilization. The underlying mechanisms by which FFA cause insulin 

resistancee that have been unraveled so far were reviewed by Boden and Shulman221. They proposed 

thatt the earliest effect of elevated FFA concentrations is the inhibition of carbohydrate oxidation, 
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developingg within two hours of experimental lipid infusion. After three to four hours of lipid infusion, 

inhibitionn of glucose transport and/or phosphorylation developed, and glycogen synthesis was 

inhibitedd after four to six hours of elevated FFA. The principal effect of increased FFA in inducing 

insulinn resistance is thought to be at the level of glucose transport, mediated through alterations in 

thee insulin signaling pathway. 

FFAA not only affect glucose metabolism in muscles, but also in the liver. In healthy individuals 

changess in FFA concentrations induce corresponding changes in gluconeogenesis, whereas the 

changess in glycogenosis are in the opposite direction, balancing the changes in gluconeogenesis 

too maintain overall glucose production at a constant level19'1'223 227. The mechanisms by which FFA 

exertt an effect on gluconeogenesis are attributed to: a) hepatic FFA oxidation, resulting in production 

off NADH, acetyl-CoA and ATP228"225; b) by provoking insulin resistance"13 and c) by directly affecting 

genee expression and protein levels of gluconeogenic enzymes230231. In addition to stimulating 

gluconeogenesis,, elevated FFA also influence endogenous glucose production by affecting insulin 

secretionn and hepatic insulin clearance232 23j. 

Thee important role of FFA in the regulation of glucose metabolism, well-known in adults, is less well 

describedd in preterm infants. In comparison with term infants and healthy adults, lipid stores are 

limitedd in preterm infants254, thereby limiting lipolysis and the ability to release FFA and glycerol. 

Lipolysiss can be quantified by measuring glycerol turnover using stable isotope techniques. Data in 

newbornn infants are limited, but indicate that glycerol turnover is lower in preterm infants in the 

firstt postnatal days compared to term infants; about 5 or 6 u.mol.kg1.min-" in preterm infants, 

whichh is about half the rate measured in term infants31 '4 1 4 2 4 5 . There are no data on glycerol turnover 

inn preterm SGA infants. The lower rate of glycerol turnover in preterm infants indicates diminished 

supplyy of glycerol as a substrate for gluconeogenesis, which is important because glycerol supply 

hass been shown to increase gluconeogenesis and glucose production in preterm infants. In addition, 

aa lower rate of lipolysis will lead to diminished availability of FFA. 

AA second important step in lipid metabolism in relation to glucose metabolism is the oxidation of 

freee fatty acids. This was compared in term and preterm infants by measuring ketone body turnover. 

Inn preterm infants ketogenesis was already active, but the rate of daily ketone body synthesis was 

markedlyy lower than in the term neonates2^. 

Inn conclusion: in adults FFA are important regulators of glucose production, in particular 

gluconeogenesis.. Data on the role of FFA in the regulation of glucose kinetics in preterm and term 

infantss are lacking. 

Thee autonomous nervous system and paracrine mediators 

Thee liver is richly innervated by both sympatic and parasympatic fibers. The former are derived from 

thee splanchnic nerves, the latter from the vagus nerve. The functions of the sympatic and parasympatic 

systemm seem to be reciprocal. Sympatic efferents stimulate hepatic glucose production rapidly by 
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increasingg glycogenosis and gluconeogenesis, whereas parasympatic efferents lead to a much 

slowerr inhibition of hepatic glucose production. 

Severall intrahepatic paracrine mediators are known to modulate hepatic glucose production; 

particularlyy adenosine, prostaglandins, cytokines, and nitric oxide. The Kupffer cells are the main 

producerss of prostaglandins and cytokines, with an additional role for endothelial cells. 

Bothh the influence of the autonomous nervous system and the paracrine mediators on glucose 

metabolismm are outside the scope of this thesis. This subject was recently extensively reviewed by 

Corssmitt et al256. 

Method ss to measur e glucos e production , 
gluconeogenesi ss  and glycogenosi s 

Glucosee turnover or the glucose appearance rate represents the sum of endogenous glucose 

productionn and exogenous glucose supply. In the absence of exogenous enteral or parenteral glucose 

supply,, the rate of appearance of glucose equals endogenous glucose production. When exogenous 

supplyy is unavoidable, like in preterm infants, endogenous glucose production can be calculated by 

subtractingg exogenous supply from the rate of appearance. In this thesis the term endogenous 

glucosee production is used which includes both hepatic and renal glucose metabolism. 

Endogenouss glucose production is the sum of gluconeogenesis and glycogenolysis. By combined 

measurementss of the rate of glucose appearance with either gluconeogenesis or glycogenolysis, 

thee other pathway can be calculated. 

Methodss to measure endogenous glucose production 

Thee rate of appearance of glucose in humans in vivo can be measured non-invasively with (stable) 

glucosee isotopes, applying the isotope dilution method. The chosen isotope has to fulfill several 

validityy requirements237. A major prerequisite for isotopes in metabolic studies is that the isotope 

behavess exactly like the unlabeled molecule; the only function of the label being to allow differentiation 

betweenn labeled and unlabeled molecules in the laboratory. Isotopes used for metabolic research 

purposess may be radioactive or non-radioactive (stable)238. In this thesis only stable isotopes were 

usedd and the discussion will be limited to these isotopes and to glucose metabolism. The procedure 

involvess a primed dose (bolus), followed by a continuous infusion of the isotope. The purpose of the 

primingg dose is to label the whole glucose pool and instantaneously reach the desired ratio of 

labeledd versus unlabeled isotope. In healthy adults the distribution volume for glucose is - 2 2 % of 

thee body weight, - 2 0 % for the extracellular volume and - 2 % for the small amount of intracellular 

glucose.. The glucose pool in a healthy adult with a body weight of 70 kg and a plasma glucose 

concentrationn of 5 mmol/l is (0.22 * 70 * 5) = 77 mmol. Subsequently, the priming dose can be 

calculatedd by multiplying the desired enrichment (e.g. 2%) with the glucose pool. In this example 

thee necessary priming dose would be 1.5 mmol labeled glucose. The continuous infusion is necessary 
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too maintain the ratio of labeled versus unlabeled isotope for the duration of the study. The dilution 

off the glucose isotope in the pool of unlabeled (endogenous) glucose reflects the influx of glucose, 

i.e.. the rate of appearance. 

Whenn isotopic steady state is reached, i.e. when the tracer/tracee ratio of the stable isotope of 

glucosee does not change during a certain time period, the rate of appearance of glucose can be 

calculatedd using steady state equations according to Steele*'"^: 

Raa = (E / E..) x I 

wheree Ra = the rate of appearance of glucose (in jumol.kg' '.mm '), E and E. are the [6,6-2H- ] enrichments 

off the infusateand plasma respectively, and I is the infusion rate of [6,6-2H_]glucose (in u.mol.kg"'.min'). 

Whenn isotopic steady state is not achieved, the equation has to be modified: 

F - p V * [ ( C / -- + C . ) / 2 ] * [ ( E : - E . ) / ( t 2 - t . ) ] 
Raa = 

(E :: + E . ) / 2 

wheree Ra = the rate of appearance of glucose (in jumol.kg" .min ), F = [6,6-'H Jglucose infusion rate 

{inn jumol.kg .min''), and E = percent of glucose molecules enriched with 'H (in absolute values), C = 

plasmaa glucose concentration (in mmol/l), t = time at the sampling points (in mm), and pV = 

effectivee distribution volume of glucose. 

Thiss non-steady state equation is based on several assumptions: a) the presence of a single, well* 

mixedd glucose pool, b) uniform and instantaneous mixing of the infused labeled isotope with the 

unlabeledd pool, and c) no reentry of glucose molecules in the glucose pool, once they have left239. 

Becausee glucose sampled in the (plasma) pool does not mix instantaneously with the total body 

glucosee pool, a correction factor (p) was introduced. The correction factor is multiplied with the 

distributionn volume of glucose (V) to define an effective volume of distribution of glucose (pV) and 

too compensate for the use of calculations based on a single-pool model in a system that is actually 

multicompartmental.. For this reason, and because pV may change in time during non-steady state, 

thee rate of appearance can be calculated by using different values of pV, ranging from the smallest 

plausiblee volume (e.g. the plasma volume) to the largest one (e.g. interstitial volume) in order to 

approximatee bounds of the true value. In healthy adults pV is estimated to be 165 ml.kg 7 24c. In 

childrenn and newborn infants pV is higher, due to higher amounts of extracellular water compared 

too adults. The effective distribution volume is estimated to be 250 ml.kg"1 in term and 350 ml.kg"1 in 

pretermm infants241. 

Quantificationn of gluconeogenesis 
Sincee the 1970s several methods have been developed to measure the contribution of gluconeogenesis 

too endogenous glucose production. These methods involve measurements of arteriovenous differences 

acrosss the splanchnic area6162, or the use of different radioactive and stable isotope-labeled precursors 

off gluconeogenesis6465 '242244. The use of labeled gluconeogenic precursors like alanine, pyruvate, 
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andd lactate is hampered by dilution of the tracer in the rapidly turning over oxaloacetate pool 

beforee it is converted to glucose. Moreover, in the calculation of gluconeogenesis, the enrichment 

off the precursor pool must be taken into account. The oxaloacetate pool is the precursor pool for 

gluconeogenesis,, and its enrichment cannot be measured directly. Isotopic exchanges in the 

oxaloacetatee pool result in uncertain dilution of the labeling, limiting these isotopic approaches by 

thee assumptions regarding the enrichment of the oxaloacetate pool245246 . 

InIn the 1990s two different stable isotope methods were introduced for quanti f icat ion of 

gluconeogenesiss in vivo, which do not involve the assumptions regarding the oxaloacetate pool. 

Thee first method was described by Hellerstein et al, who applied mass isotopomer distribution 

analysiss (MlDA) as a method for estimating the fractional synthetic rate of various biopolymers, 

includingg glucose, cholesterol, fatty acids, and DNA64. Glucose is considered to be a dimer formed 

byy the condensation of two triose-phosphate molecules (figure 7). During infusion of a labeled 

gluconeogenicc precursor, e.g. [2-13C]glycerol, the enrichment and mass isotope distribution pattern 

off 13C in glucose are measured, revealing the enrichment of the true precursor pool for 

gluconeogenesis,, the triose phosphate pool247. Newly formed glucose from a previously labeled 

triosee phosphate pool with [2-13C]glycerol, will be composed of a) two unlabeled trioses {unlabeled 

glucose,, mass+0 (M+0); b} one labeled and one unlabeled triose (M+1); or c) two labeled trioses 

(M+2).. The distribution pattern of the unlabeled, singly and doubly labeled glucose molecules reflects 

thee precursor pool enrichment, because the precursor pool enrichment determines the chance to 

obtainn glucose M+0, M+1 and M+2. The precursor pool enrichment is therefore estimated in 

retrogradee by application of binomial expansion. By subtracting the background enrichment from 

thee measured M+1, the excess M+1 (EM+1) is obtained. The fractional contribution of gluconeogenesis 

iss calculated as the glucose enrichment EM+1 divided by the maximum EM+1 that could be reached 

forr the measured precursor pool enrichment. The MIDA calculations are not subject to artifacts of 

isotopee exchange or dilutions, provided the main underlying assumption is fulfilled: the triose 

phosphatee pools in all gluconeogenic cells must be at similar 13C enrichments, otherwise the fractional 

gluconeogenesiss will be underestimated248-250. There are several issues of discussion about the 

validityy of MIDA to measure gluconeogenesis. The first is concern about the homogeneity of the 

precursorr poo! based on metabolic zonation in the liver with concomitant decreases in concentration 

andd enrichment across the liver lobule. Another concern is the requirement of a relatively high 

infusionn rate of [2-13C]glycerol, that could perturb glycerol and glucose metabolism248249251253 . A 

modificationn of the MIDA technique using [2-13C]glycerol was described by Tayek and Katz242254. 

Theirr method is based on the use of [U-13C]glucose. However, the validity of this method is also 

questionedd because underlying assumptions could not be fulf i l led194255257 . 

Thee second method was introduced by Landau, and involves oral administration of deuterated 

waterr (2H20) with subsequent measurement of the enrichment of deuterium at specific positions of 

glucose65700 (figure 8). The exchange of deuterium between the gluconeogenic precursors and 
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Figur ee 7. The mass isotopomer distribution analysis technique. 
[2-13C]glyceroll is used to label the triose phosphate pool, the true precursor pool for gluconeogenesis. 

bodyy water occurs after passage of the oxaloacetate pool, and therefore the limitations involved in 

thee unknown enrichment of this pool are avoided. The method is based on the fact that body water 

iss the source of the hydrogens that are attached to carbon 5 and 6 of glucose in the process of 

gluconeogenesis.. In addition, hydrogen from body water is added to carbon 2 in both gluconeogenesis 

andd glycogenosis. The ratio of the two therefore provides the fraction of glucose derived from 

gluconeogenesis.. In the process of gluconeogenesis, the hydrogen at glucose carbon 5 is derived 

fromm attachment of hydrogen to carbon 2 in the conversion from phosphoenolpyruvate to 2-

phosphoglycerate,, and during the (extensive) isomerization of glyceraldehyde1 3-phosphate and 

dihydroxyacetonee 3-phosphate. Carbon 2 from 2-phosphoglycerate and from dihydroxyacetone 3-

phosphatee becomes carbon 5 in glucose. In the process of glycogenosis there is no exchange of 

hydrogenss between body water and carbon 5 of glucose. Thus, enrichment at carbon 5 of glucose 
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GLUCOSEE - glucose 6-phosphate < • glucose 1-phosphate • UDP-glucose 

C22 glucos e * ^ fructose 6-phosphate 

fructosee 1,6-biphosphate 

gtyceraldehydee 3-phosphate C3 3 dihydroxyacetone-phosphate e 

H20--

3-diphosphoglycerate e 
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C55 glucos e 

3-phosphoglycerate e 

2-phosphoglycerate e 

[OHO. . 
phosphoenolpyruvate e C55 glucos e 
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C66 glucos e 

LACTATEE AMINO ACIDS 

Figur ee 8. The 2H 20-method. Incorporation of deuterium (2H) at carbon 2, 5 and 6 of glucose. 

reflectss glucose production by pyruvate and glycerol, i.e. from all gluconeogenic precursors. The 

secondd option is the measurement of deuterium enrichment at carbon 6 of glucose. Hydrogen at 

carbonn 6 of glucose is derived from hydrogens attached to carbon 3 of pyruvate, representing 

gluconeogenesiss from pyruvate, alanine and lactate. However, this approach does not account for 

thee contr ibut ion f rom glycerol to gluconeogenesis, and will result in underestimation of 

gluconeogenesis.. Deuterium enrichment at the carbon 2 position in glucose reflects glucose 

productionn from both gluconeogenesis and glycogenosis. One molecule of hydrogen from body 

waterr is added to carbon 2 of glucose 6-phosphate in the conversion from fructose 6-phosphate to 

glucosee 6-phosphate. Glucose 6-phosphate is also formed as an intermediate during glycogenosis, 

andd eguilibrates extensively with fructose 6-phosphate, resulting in the exchange of hydrogen at 

carbonn 2 in glucose 6-phosphate with that in body water. Deuterium enrichment at carbon 2 of 
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glucosee has been proven to be equal to that in body water during steady state65. Thus, after 2H20 

administration,, deuterium incorporation at glucose carbon 5 (or 6) reflects gluconeogenic flux; 

dividingg this by the deuterium incorporation at glucose carbon 2, which reflects total glucose 

production,, the fractional contribution from gluconeogenesis to glucose production is obtained. 

Inaccuraciess in this method could be caused by a number of possible hydrogen exchange reactions 

thatt can also occur, and that would not represent true gluconeogenesis. An example is the exchange 

off 2H into fructose 1,6-diphosphate in the process of incomplete fructose 1,6-diphosphate aldolase 

cleavagee reaction. This would result in overestimation of the fractional contribution of gluconeogenesis. 

Inn conclusion, although new methods have been developed that get round the problems of the 

oxaloacetatee precursor pool enrichment, so far no method can be considered the golden standard 

forr measurement of gluconeogenesis. Although the two most recent techniques yield differences in 

thee absolute and relative rates of gluconeogenesis, the results from each technique are highly 

reproduciblee and internally consistent71. 

Thee most recent techniques for quantification of gluconeogenesis, MIDA and the deuterated water 

method,, have been applied to newborn infants in a few studies. In the latter technique, measurement 

off enrichment at carbon 5 has a clear methodological advantage over measurements of carbon 6 

enrichment;; for carbon 5 enrichment represents gluconeogenic flux from all precursors, whereas 

carbonn 6 does not include gluconeogenesis from glycerol. The theoretical consideration that the 

latterr method leads to underestimation of gluconeogenesis was confirmed by Sunehag et al, who 

comparedd the MIDA technique with carbon 6 labeling in the 2H20-method45. Because the contribution 

off glycerol to gluconeogenesis is higher in newborn infants compared to adults, gluconeogenesis 

wass underestimated to a greater extent45. The main reason to choose for measurement of carbon 

66 instead of carbon 5 enrichment in small infants is the requirement of relatively large-volume blood 

sampless for analysis of carbon 5 enrichment. In this thesis gluconeogenesis was measured using the 

MIDAA technique. One of the concerns of this technique using [2-15C]glycerol is the requirement of 

aa relatively high infusion rate of the isotope. The higher glycerol turnover in newborns compared 

withh adu l ts 1 6 3 0 3 1 4 1 4 2 2 0 3 is a factor that minimizes the problems with the glycerol method45. In 

conclusion:: the MIDA technique is currently the most reliable method to measure gluconeogenesis 

inn newborn infants. 

Quantificationn of glycogenosis 

Liverr glycogen and g lycogenosis can be measured using direct and indirect methods. Direct 

measurementss include (serial) liver biopsies85 or the combined use of stable isotope techniques with 

nuclearr magnetic resonance spectroscopy (13C-NMR)66. This technique calculates the rate of 

glycogenosiss from a net change in glycogen content. The change in (liver) glycogen concentration 

iss measured from 13C-NMR spectra of the C1 position of liver glycogen, divided by the volume of the 

liver66-258259.. With this technique it has been shown that liver glycogen content decreases linearly in 
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thee first 22 hours of fasting, thereafter it slows down 6 6 6 7 8 7 . An important limitation of the 13C-NMR 

techniquee is that it measures net glycogen content, the resultant from changes in glycogen synthesis 

andd glycogen breakdown. Therefore it does not provide insight in these fluxes separately; also 

possiblee glycogen cycling is not taken into account. 

Indirectt quantification of glycogenosis can be performed by combined measurement of endogenous 

glucosee production and gluconeogenesis with stable isotope techniques (vide supra). Glycogenosis 

iss subsequently calculated by subtracting the rate of gluconeogenesis from the glucose production 

rate.. In healthy adults both direct and indirect methods have been used. 

Inn preterm infants direct measurements of glycogen content or glycogenosis are lacking because 
13C-NMRR spectroscopy studies for research purposes are not feasible in these infants, due to many 

practicall problems. An indirect approach to estimate liver glycogen content in preterm infants in 

vivovivo is used in one of the studies in this thesis, and involves the use of stable isotope techniques 

combinedd with glucagon administration. Glycogenosis, calculated with stable isotope techniques, 

andd the response to glucagon are positively correlated with the glycogen content of the liver5687 

88,1571600 Measurement of glycogenolysis with stable isotope techniques in response to a bolus 

glucagonn therefore could provide an estimate of liver glycogen content. 

Feasibilityy and limitations in preterm infants 

Ass described above all techniques have their own intrinsic limitations, and there is no golden standard 

yett to measure gluconeogenesis or glycogenolysis. Most stable isotope techniques have been applied 

forr metabolic research purposes in infants and children, but - apart from the general restrictions 

thatt apply to research in minors260 252 - measurements of glucose production and gluconeogenesis 

orr glycogenolysis are accompanied by specific problems and challenges, as described above. 

Twoo general restrictions are the preclusion of the use of radioactive tracers for research purposes, 

andd limitations in the blood volume that can be sampled. The first can generally be overcome by the 

usee of stable isotopes. In addition to the lack of radioactivity, another advantage of stable isotopes 

iss that glucose concentration and enrichment are measured in the same sample. On the other hand, 

radioactivee isotopes have the advantage that measurements can be performed in very small blood 

samples.. Limitations in the blood-sampling volume dictate the amount of analyses that can be 

performed,, thereby influencing the study design. In addition, the procedures that are applied for 

researchh purposes in children have to be minimally invasive, precluding e.g. techniques involving 

catheterizationn of the splanchnic bed or (liver) biopsies. 

Ass stated before, it is ethically not acceptable to expose young children to (prolonged) fasting. The 

fastingg period that is acceptable depends on the age or size of the child. In the smallest infants, e.g. 

veryy preterm or extremely low birth weight infants, fasting is generally considered to be not acceptable. 

Adaptationn to fasting, an established study design for metabolic research purposes in adults, can 

thereforee not be applied to young infants. In this thesis we used a modification of the fasting 
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model.. Instead of complete fasting, the adaptation to a decline in exogenous glucose supply is 

studied.. The administration of exogenous glucose obviously has to be taken into account when the 

resultss are compared with studies without glucose administration. The rate at which glucose is 

administeredd must be a compromise between too tow, because of the risk of hypoglycemia, and 

tooo high, as this could suppress glucose production. 

InIn conclusion: performing stable isotope studies in newborn infants has several practical 

considerations,, but in general they can be overcome. 
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Outlin ee of thi s thesi s 
Hypoglycemiaa is a frequent metabolic derangement in newborn infants, and can lead to serious 

short-- and long term complications. Preterm or small for gestational age (SGA) infants are more at 

riskk than term appropriate for gestational age (AGA) infants. Hypoglycemia is the resultant of a 

disturbedd balance between glucose supply and utilization. This thesis addresses different aspects of 

glucosee production in newborn infants in the first postnatal week. The first studies explore the 

possibilityy to adapt gluconeogenesis and glycogenosis to changes in exogenous glucose supply in 

relationn to gestational age and birth weight. In a second series of studies different interventions to 

stimulatee gluconeogenesis and glycogenosis are evaluated. 

Chapterr 2 and 3 
Thee ability to increase glucose production to fully balance a decrease in exogenous glucose is an 

importantt defense mechanism against hypoglycemia. In adults, a decline in exogenous glucose 

beloww the basal glucose requirements is fully compensated by an increase in endogenous glucose 

production.. In chapter 2 and 3 the response to a decline in exogenous glucose supply in newborn 

infantss is studied in relation to gestational age and birth weight. 

Chapterr 4 
Untill now no correlation between clinical parameters and glucose production has been found. This 

couldd be due to the large differences in the nutritional circumstances between the studies. Data on 

gluconeogenesiss and glycogenosis are too scarce to be able to find such a correlation. In chapter 4 

thee possible association between important clinical and biochemical variables on one hand, and glucose 

kineticss on the other, is assessed in newborn infants under standardized nutritional circumstances. 

Chapterr 5 
Glycogenosiss is the initial compensatory response during fasting or interruption of nutrient 

administration.. Liver glycogen is an important determinant in the glycogenolytic capacity. Direct 

measurementt of liver glycogen content is currently not possible in newborn infants in vivo. An 

indirectt method to estimate liver glycogen content is measurement of the response of glucose 

productionn and glycogenolysis to a bolus glucagon This method is applied in chapter 5 in preterm 

AGAA and SGA infants, to evaluate whether the well-known prenatal differences in liver glycogen 

contentt in these infants still exist after the first postnatal day. 

Chapterr 6 
AA prerequisite for gluconeogenesis is the availability of a sufficient amount of precursors. In healthy 

adultss after a short term fast (up to 86 hours) precursor supply does not limit gluconeogenesis. 

Insufficientt precursor supply is more likely to occur in newborn infants than in adults, due to limited 
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fuell reserves combined with increased energy needs. Alanine is an important gluconeogenic precursor. 

Inn chapter 6 the effect of alanine administration on gluconeogenesis and glucose production is 

studiedd in preterm AGA infants. 

Chapterr 7 
Glucosee metabolism is closely linked to lipid metabolism. Lipolysis provides not only glycerol, a 

gluconeogenicc precursor, but also FFA. FFA are no longer considered to be ordinary substrates for 

energyy metabolism, but they are recognized as "metabolic messengers", influencing glucose 

metabolismm by, among others, stimulation of gluconeogenesis. Preterm infants have very limited 

lipidd stores and their lipolytic capacity is restricted. This could result in insufficient precursor supply 

and/orr insufficient FFA availability. Intravenous lipid emulsions contain triglycerides, and as a result 

supplyy both glycerol and FFA. In chapter 7 the influence of two different intravenous lipid emulsions 

andd of intravenous glycerol on glucose kinetics is explored in preterm AGA infants. 

Chapterr 8 
Inn this chapter the results from the studies in this thesis with the potential implications for current 

clinicall practice and directions for future research are discussed. 
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Abstrac t t 
Background d 

Inn preterm infants low plasma glucose concentrations are frequently observed. We hypothesized 

thatt their ability to adapt endogenous glucose production to diminishing exogenous supply is 

disturbed,, but will improve with increasing gestational age. 

Methods s 

Glucosee production rate (GPR) and giuconeogenesis were measured using stable isotope techniques 

withh [6,6-2H?]glucose and [2-13C]glycerol in 19 preterm infants (10 < 30 weeks and 9 > 30 weeks 

gestationall age) on postnatal day 5.0 + 1.4. Exogenous glucose was administered at a rate of 33 

umol.kgg ".min ' followed by 22 umol.kg '.mm ;. 

Results s 

Inn the first two hours following the decrease in exogenous supply, plasma glucose concentration 

declinedd comparably in both groups: < 30 weeks: from 4.3 + 1.2 to 3.2  0.9, > 30 weeks: from 3.7 

 0.7 to 3.0  0.6 mmo!/l. Thereafter, only in infants > 30 weeks an increase was observed: to 3.4 

 0.8 mmoi/ l . GPR increased comparably in both groups: < 30 weeks: from 6.0 + 4.1 to 8.8 + 3.4, 

>> 30 weeks: from 7.8 + 4.6 to 11.6 + 5.2 umol.kg' .min"'. This increase was equivalent to - 3 0 % of 

thee decline in exogenous glucose. Giuconeogenesis increased comparably in both groups: < 30 

weeks:: from 3.2 + 1.2 to 4.5 j_1.3; > 30 weeks: from 4.3 + 1.9 to 6.8 + 2.9 umol.kg .min"'. 

Conclusions s 

Pretermm infants can only partly compensate a decline in exogenous glucose supply by increasing 

endogenouss GPR, probably due to limitations in the final common pathway of intracellular glucose 

metabolismm (i.e. glucose 6-phosphatase). The ability to maintain the plasma glucose concentration 

followingg a decrease in exogenous supply is better preserved in infants > 30 weeks, due to more 

efficientt adaptation of peripheral glucose utilization. 
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Introductio n n 
AA low plasma glucose concentration is frequently found in preterm infants, particularly during the 

firstt postnatal days, and may lead to serious short and long-term complications. The incidence is 

inverselyy related to declining gestational age and birth weight1-3. Therefore, preterm infants routinely 

receivee enteral feedings or intravenous glucose shortly after birth. Despite this policy, the incidence 

off hypoglycemia, defined as a plasma glucose concentration < 2.6 mmol/l, is still - 2 0 % in our 

neonatall intensive care unit, a referral unit for infants < 32 weeks gestational age. The high risk of 

hypoglycemiaa may be due to limited substrate stores, a high brain-to-body weight ratio and immature 

enzymee systems4"6. 

Thee pathophysiology of low plasma glucose concentrations in otherwise healthy preterm infants is 

nott completely understood due to lack of sufficient data on glucose kinetics. Endogenous glucose 

productionn rate (GPR) in preterm infants of various gestational ages was measured under different 

circumstances618.. In most studies glucose was supplied at varying rates, showing that endogenous 

glucosee production is almost completely suppressed during exogenous infusion rates higher than 

44umol.kg -11 min-1 in preterm infants, and 33 umol.kg"1.min-1 in term infants7-810"18. Because glucose 

supplyy (endogenous plus exogenous) equals glucose disposal during steady state conditions, these 

dataa suggest that in preterm infants glucose requirements are approximately 44 umol.kg-1.min-1 

andd in term infants 33 umol.kg"1.min-1. 

Basall glucose production rate without exogenous glucose supply varies from 17 to 30 umol.kg^.min"1 in 

pretermm infants, measured three to six hours after the last feed6 '7 '910. These data are not different 

fromm those measured in full term infants679"10'19"21. However, due to the supposedly higher glucose 

requirementss in preterm infants, basal glucose production covers only 40-70% of their requirements, 

comparedd to 50^90% in term infants. 

Endogenouss glucose production is derived from gluconeogenesis and glycogenosis. Therefore, 

loww production rates can be due to limitations in gluconeogenesis, g lycogenosis , or both. 

Gluconeogenesiss has been measured in preterm infants < 30 weeks gestational age with stable 

isotopee techniques in one single study22. In that study 72% of endogenous glucose production was 

derivedd from gluconeogenesis. In adults after an overnight fast gluconeogenesis contributes 

approximatelyy 40-60% to endogenous glucose production23-25. 

Fromm a clinical perspective the ability to increase glucose production to fully balance a decrease in 

exogenouss glucose administration is an important defense mechanism against hypoglycemia. In 

adults,, a decline in exogenous glucose supply below a certain level is fully compensated by an 

increasee in endogenous production25. Similar studies have not been performed in preterm infants. 

Inn order to elucidate the pathophysiology of glucose kinetics in preterm infants further, we designed 

aa study to evaluate if a decrease in glucose infusion rate below the range that represents the 

glucosee requirements of these infants (see above) is fully compensated by an increase in endogenous 

glucosee production. The second aim was to explore potential differences in the adaptive response 
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betweenn infants < 30 weeks and infants > 30 weeks gestational age. To answer these questions we 

measuredd the rates of endogenous glucose production and gluconeogenesis with the stable isotope 

dilutionn technique and mass isotopomer distribution analysis (MlDA) in 19 preterm infants during 

twoo rates of glucose infusion. In adults the adaptation to fasting is an established model to achieve 

betterr understanding of the pathophysiology of metabolic processes. In preterm infants prolonged 

fastingg is ethically not acceptable because of the high risk of hypoglycemia. We therefore modified 

thee fasting study design and evaluated the changes in glucose metabolism in response to a decline 

fromm a moderate to a low glucose infusion rate, instead of complete fasting. 

Sincee glucose kinetics may be influenced by several hormones (insulin, Cortisol, glucagon, 

catecholamines),, gluconeogenic precursors (alanine) and free fatty acids, these were also measured 

duringg the study. We hypothesized that preterm infants are not able to fully balance a decrease in 

exogenouss glucose supply by an increase in endogenous production and that the youngest age group 

willl be the most compromised, without significant differences in hormonal status or precursor supply. 

Method s s 
Patients s 
Pretermm infants were recruited from the Neonatal Intensive Care Unit at the Emma Children's Hospital 

AMC,, Amsterdam, and Neonatal High Care Unit at the Hieronymus Bosch Hospital, 's-Hertogenbosch, 

thee Netherlands. Preterm infants with a gestational age of 26-30 and 31-36 completed weeks were 

eligiblee for the study. We included infants with a postnatal age between one and eight days, because 

thee incidence of low plasma glucose concentrations is the highest in the first postnatal week. Exclusion 

criteriaa were: severe hypoglycemia (for ethical considerations and necessity of high rates of glucose 

infusion),, birth weight > 90 th percentile for gestational age27, sepsis, severe perinatal asphyxia (5 min 

Apgarr score < 7), congenital malformations, severe respiratory distress, need of vasopressor support, 

andd maternal diabetes or glucose intolerance. Written informed consent by the parents was obtained 

inn all cases. This study was approved by the Medical Ethical Committee of the Academic Medical 

Centerr in Amsterdam and Hieronymus Bosch Hospital in 's-Hertogenbosch, the Netherlands. 

Studyy design 
Thee study design is shown in figure 1. Prior to the study all infants received enteral or parenteral 

nutritionn (or a combination) according to the nutrition protocol in our ward. Enteral and parenteral 

nutritionn were discontinued six hours before the study and replaced by intravenous glucose supply 

(unlabeled)) at a rate of 33 pmol.kg^.min'1 (6 mg.kg"1.min'1). The fluid intake was kept at the level 

prescribedd by the attending clinician, according to the protocol in our ward, and was not changed 

duringg the study. Infusions were administered through an intravenous (peripheral or central venous) 

catheter,, previously introduced for clinical reasons. Blood samples were drawn from a second 

intravenouss catheter in the opposite limb or, if present, from an intra-arterial line. 
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[6,6-'HH ] glucose 

[2- '^]] glycerol 

ntravenouss glucose 33 umol.kg min 22 umol.kg .min 

Time(mm)) -180 o 180 Figur e 1 . Study design. Arrows indicate blood 
AA . . . f|A sampling times (t = -180,-15, 0 , + 1 5 , + 1 6 5 , + 1 8 0 , 

Bioodsampiess [ XII I I I and+195 minutes). 

Afterr obtaining a baseline blood sample at t = -180 min (8.00 am) for determination of background 

isotopicc abundance and plasma glucose concentration, a primed (80 umol.kg"1 body weight), 

continuouss (0.9 umol.kg"1.min"1) infusion of [6,6-2H2]glucose was started on top of the cold glucose 

infusion,, to measure glucose production. [6,6-2H2]glucose (99% enriched, ARC Laboratories BV, 

Apeldoorn,, The Netherlands), dissolved in sterile isotonic saline and sterilized by passage of the 

solutionn through a millipore filter (size 0.2 urn; Minisart, Sartorius AG, Göttingen, Germany) was 

administeredd by a calibrated syringe pump (Perfusor fm, Braun, Melsungen AG, Germany). 

Simultaneously,, a primed (272 umol.kg"1 body weight), continuous (4.53 umol.kg"1.min"1 (-2.25 

umoll (glucose equivalents).kg1.min1)) infusion of [2-13C]glycerol (99% enriched, ARC Laboratories 

BV,, Apeldoorn, The Netherlands) was started at t = -180 min on top of the cold glucose infusion, to 

measuree fractional gluconeogenesis. Unlabeled glucose was continued at a rate of 33 umol.kg1.min"1 

(66 mg.kg"1.min"1). 

Afterr an equilibration period of 165 minutes of stable isotope infusion, three blood samples were 

collectedd at 1 5-minute intervals (t = -15,0 and 1 5 min) for the measurement of isotopic enrichments 

andd plasma glucose concentration. Subsequently, at t = 1 5 minutes, unlabeled glucose supply was 

diminishedd to 22 umol.kg"1.min'1 (4 mg.kg"1.min'1). Three blood samples were collected again at 15-

minutee intervals (t = 165, 180 and 195 min) for isotopic enrichment and plasma glucose determination. 

Att t = 0 and t = 180 minutes, blood was also collected for determination of insulin, glucagon, 

Cortisol,, epinephrine, norepinephrine, alanine, and free fatty acids. Plasma glucose concentration 

wass measured at least once per hour during the study period. 

Assays s 

Alll measurements were performed in duplicate, except for the MIDA-samples, and all samples of 

individuall newborns were analyzed in the same run. 

Plasmaa glucose concentration was measured by the glucose oxidase method (Beekman Glucose 

Analyzer,, Beekman Instruments Inc., Mijdrecht, the Netherlands). 

Gass chromatography/mass spectrometry (GC/MS) analyses were performed with a model 5890 
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Seriess II gas chromatograph coupled to a Model 5989 A mass spectrometer (Hewlett Packard, Palo 

Alto,, CA, USA). Sample preparation and measurement of [2H] and singly and doubly ['3C] labeled 

glucosee using a combination of [6,6-zH-]glucose and [2-' ;C]glycero! for the MIDA technique have 

beenn described in detail by our group previously25 2S. 

Insulinn levels were measured using a radio-immuno-assay (Pharmacia Diagnostics AB, Uppsala, 

Sweden).. Glucagon levels were also determined with a radio-immuno-assay (Linco Research Inc., St. 

Charles,, MO, USA). Cortisol levels were measured with enzyme immuno assay on an Immulite 

analyzerr (DPC, LA, CA, USA). Catecholamines were determined with HPLC with fluorescence detection 

usingg alpha-methyl norepinephrine as internal standard. Alanine levels were measured with an 

enzymicc micromethod29. Free fatty acid levels were determined enzymatically using a NEFAC kit 

(WAKOO Chemicals GMBH, Neuss, Germany). 

Calculations s 
RateRate of appearance (Ra) of glucose was calculated by the isotope dilution technique from the [6,6-
2H ; ]] enrichment of glucose, using calculations for steady state kinetics, adapted for the use of 

stablee isotopes'" : Ra = (E / E ) x I, where E and Er. are the [ö.ö-^H-] enrichments of the infusate and 

plasmaa respectively, and I is the infusion rate of [6,6-2H2]glucose. To determine endogenous glucose 

productionn rate, exogenously infused glucose was subtracted from glucose Ra. 

Precursorr pool enrichment (p) and fractional gluconeogenesis (f) were calculated from the mass 

isotopomerr distribution pattern of unlabeled, singly and doubly labeled glucose derived from [2-

~3C]glycero!! as described by Hellerstein and Neese3''32. Absolute rate of gluconeogenesis is calculated 

ass the product of f times glucose Ra. Gluconeogenesis as a fraction of GPR is calculated as the 

absolutee rate of gluconeogenesis divided by GPR. 

Statistics s 
Dataa are reported as mean + SD, unless otherwise stated. Analysis of repeated measurements was 

usedd to investigate the changes in plasma glucose concentration (proc mixed of SAS 6.12, SAS 

Institutee Ine, NC, USA). Data within groups were analyzed by the paired samples f-test, each infant 

servedd as his or her own control. For the changes in the parameters of glucose kinetics mean 

differencess and 95% confidence intervals (95% CI) are given. Data between groups were analyzed 

byy the Mann Whitney Rank Sum test. Statistical significance was set at p < 0.05. 

Result s s 
Clinicall data 
Thee clinical characteristics of the infants are shown in table 1. A total of 19 preterm infants (8 girls) 

weree studied between the 3rd and 8 th postnatal day. Three infants were ventilated with mild ventilatory 

settingss {two were < 30 weeks gestational age) and received morphine for sedation, consistent with 
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subjectt characteristics respiratoryy support medication n 

subjects s 

<< 30 wks 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 

9 9 
10 0 

gestational l 
age e 

(weeks) ) 

288 6/7 
288 4/7 
299 o/7 
299 o/7 
300 3/7 
266 6/7 
277 6/7 
300 i/7 

300 5/7 

300 2/7 

birth h 
weight t 
(grams) ) 

>> 30 weeks 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 

19 9 

322 2/7 

311 5/7 

333 3/7 

344 o/7 

344 6/7 

344 o/7 

311 6/7 

366 4/7 

333 5/7 

1235 5 

1235 5 

1420 0 

1190 0 

1390 0 

1025 5 

1180 0 

1005 5 

900 0 

785 5 

meann +  S D 29. 1 ±1. 2 113 6 ±20 5 

AGG A postnatal sex 
orr age 

5GAA (days) 

AGA A 

AGA A 

AGA A 

AGA A 

AGA A 

AGA A 

AGA A 

SGA A 

SGA A 

SGA A 

6 6 
3 3 
5 5 
5 5 
6 6 
5 5 
4 4 
5 5 
5 5 
7 7 

5.11  1.1 

5IMV/ / 
HFOV/ / 
nCPAP P 

nCPAP P 
HFOV V 
nCPAP P 
nCPAP P 
nCPAP P 
nCPAP P 
5IMV V 

nCPAP P 

Fi02 2 

(%) ) 

21 1 

21 1 

21 1 

35 5 

21 1 

21 1 

25 5 

30 0 

21 1 

21 1 

antenatal l 
steroids s 

yes s 
yes s 

yes s 

yes s 

yes s 

yes s 

yes s 

yes s 

morphinee caffeine 

1530 0 
1230 0 
2140 0 
2000 0 
1960 0 
1960 0 
1110 0 
2150 0 
1310 0 

* * 

AGA A 
AGA A 
AGA A 
AGA A 
AGA A 
AGA A 
SGA A 
SGA A 
SGA A 

6 6 
7 7 
4 4 
6 6 
3 3 
3 3 
3 3 
5 5 
7 7 

4.99  1. 

M M 
F F 
F F 
M M 
F F 
F F 
M M 
M M 
M M 

7 7 

nCPAP P 
SIMV V 

nCPAP P 
nCPAP P 

21 1 
25 5 
21 1 
21 1 
21 1 
21 1 
25 5 
21 1 
21 1 

yes s 
yes s 
yes s 

yes s 
yes s 

yes s 

yes s 

yes s 

yes s 

yes s 
yes s 
yes s 
yes s 

yes s 
yes s 

yes s 
yes s 

yes s 

yes s 
yes s 

meann + SD 33.6 * 1710  414 

Tabl ee 1. Clinical characteristics. Data are means  SD. * = p < 0.01 for comparison with infants < 30 weeks. 
AGAA = appropriate for gestational age, SGA = small for gestational age, SIMV = synchronized intermittent mandatory 
ventilation,, HFOV = high frequency oscillatory ventilation, nCPAP = nasal continuous positive airway pressure. 

thee rout ines in our w a r d . Al l infants we re clinically stable, had normal body t empera tu re , normal 

acidd base status w i t h no rma l oxygen saturat ion levels. Thir teen infants received ant ib iot ics, but 

nonee had posit ive b lood cul tures or clinical signs of in fect ion. In add i t ion , there we re no differences 

be tweenn infants born to mothers t rea ted w i t h an tena ta l steroids and those born t o untreated 

mothers .. Small for gesta t iona l age infants (b i r th w e i g h t < 10th percent i le2 7 ) showed no differences 

inn any of the parameters o f g lucose kinetics as compared t o appropr ia te for gestat ional age infants 

Glucosee Kinetics 

Steadyy state enrichments are shown in table 2. During both study periods (t = -1 5 to +1 5 min and 

tt = 165 to 195 min, respectively) approximate steady state - defined by a coefficient of variation of 

<10%% - was reached. Therefore, for both study periods the mean values of the parameters of 

glucosee kinetics are presented: for study period I (exogenous glucose rate of -33 umol.kg 1.min '): 

meann values from t = -15 to +15 min, and for study period II (exogenous glucose rate of -22 

umol.kg"1.min"1):: mean values from t = 165 to 195 min. 
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timee (mm) 

[6,6-2H2]glucose e 

[nC,]glucose e 

[l3C2]glucose e 

plasmaa glucose 
concentration n 

<< 30 weeks 
>> 30 weeks 
<< 30 weeks 
>> 30 weeks 
<< 30 weeks 
>> 30 weeks 
<< 30 weeks 
>> 30 weeks 

-15 5 

2.211 7 
2.144 7 

0.0244 0 
0.0233 0 008 
0.0077  0.003 
0.0077  0.002 

4.44  1.2 
3.77 6 

0 0 

2.288 6 
2.155 6 

0.0233 1 
00 023 7 
0.0077  0.003 
0.0077 2 

4.22  1.2 
3.66 8 

15 5 

2.322 0 
2.111 9 

0.0233 0 012 
0.0233 7 
0.0077 0 003 
0.0077  0.002 

4.44  1.1 
3.88 7 

Tablee 2. Steady state enrichments in glucose during infusion of [6,6-2H2]glucose and [2-13C]glycerol and plasma 
glucosee concentration. Data are means  SD. 

Infantss < 30 weeks (n = 10) 

IVV glucose supply (umol.kg1 mm 33 3 22 2 changee (95% CI) 

Plasmaa glucose concentration (mmol/l) 4.3  1.2 
Glucosee appearance rate (umol.kg"1.mm"1) 39.8 + 4.3 
Glucosee production rate (umol.kg"1.mm"') 6.0 + 4.1 
Gluconeogenesiss (umol.kg"1.mm'1) 3.2 + 1.2 
Fractionall gluconeogenesis {%) 69  32 
Glycogenolysiss (umol.kg"1.min'1) 2.7  3.6 
IVV glucose supply (umol.kg"1 .mm'1) 32 8+ 0.4 

3.4 4 
31.6 6 

8.8 8 
4.5 5 
56 6 

4.3 3 
21.8 8 

++ 0.8 
++ 3.7 
++ 3.4 

 1-3 
4 4 
7 7 

++ 0.9 

-0.99 (-1.4; 
-8.33 (-9.8; 
+2.99 (+1.6 
++ 1.3 (+0.3 . 
-133 (-25 ;-1) 

++ 1.6 (+0.7 ; +2.5) 
-1100 (-11.7 ; -10.3) 

-0.4) ) 
-6.7) ) 
+4.1) ) 
+2.2) ) 

Tablee 3. Glucose kinetics during exogenous glucose supply at a rate of 33 versus 22 fjmol.kg .min' . Data are 
meanss + SD, and mean differences (95% confidence interval). + = P < 005 for comparison with infants < 30 
weeks. . 

Glucosee kinetics during intravenous glucose supply of 33 umol.kg"1.min'1 

Dataa are shown in table 3. During glucose infusion at a rate of 33 umol.kg"".mm"', there were no 

significantt differences between infants < 30 weeks compared to infants > 30 weeks gestational age 

inn glucose concentration, endogenous glucose production or gluconeogenesis. 

Adaptationn to a decrease in intravenous glucose supply (table 3) 

AA In infants < 30 weeks gestational age, the plasma glucose concentration declined significantly 

byy 1.1 mmol/l (95% CI: -1.5 ; -0.6) (from 4.3 + 1.2 to 3.2 + 0.9 mmol/l) during the first 2 hours 

afterr diminution of intravenous glucose supply, and remained unchanged between the 2nd and 

3rdd hour: 3.2 + 0.9 and 3.4  0.8 mmol/l respectively (mean difference: +0.2 mmol/l, 95% CI: 

-0.11 ; +0.5) (figure 2). This change in plasma glucose concentration was associated with a 

decreasee in total glucose appearance rate by 8.3 umol.kg"1.min"1 (95% CI: -9.8 ; -6.7), and an 

increasee in endogenous glucose production rate by 2.9 umol.kg"1.min-1 (95% CI: +1.6 , +4.1), 

equivalentt to 26  17% of the decline in exogenous glucose supply. The absolute rate of 

gluconeogenesiss increased by 1.3 umol.kg"1.min"1 (95% CI: +0.3 ; +2.2). 

BB In infants > 30 weeks gestational age, the plasma glucose concentration declined significantly 

byy 0.7 mmol/ l (95% CI: -1.2 ; -0.2) (from 3.7  0.7 to 3.0  0.6 mmol/l) during the first 2 hours 
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165 5 195 5 

2.799 9 
2.600 9 

0.0355 7 
0.0399  0.007 
0.0100 + 0.004 
0.0111 3 

3.55 7 
3.33 8 

2.866 5 
2.577 1 

0.0366 7 
0.0411 6 
0.0111 4 
0.0122 2 

3.44 + 0.8 
3.44 8 

2.899  0.34 
2.599 6 

0.0377 7 
0.0411  0.008 
0.0111 4 
0.0122 2 

3.55 7 
3.55 9 

Infantss > 30 weeks (n = 9) 

33 3 22 2 changee (95% Cl) 

3.77 + 0.7 
41.66 + 4.7 

7.88 + 4.6 
4.33 + 1.9 
644 5 
3.55 3 

32.77 + 0.2 

3.44 + 0.8 
34.5+5.5 5 
11.66 + 5.2 
6.88 + 2.9 
600  16 

4.88  3.5 
21.9+0.3 3 

-0.33 (-0.7 ; +0.2) + 
-7.00 (-9,9 ; -4.2) 
+3.88 (+0.8 ; +6.8) 
+2.44 (+0.5 ; +4.4) 

-44 (-20; +11) 
++ 1.4 (-0.6; +3.4) 
-10.88 (-10.9 ; -10.6) 

afterr diminution of intravenous glucose supply. This decline was followed by an increase by 0.4 

mmol/ll (95% CI: +0.1 ; +0.9), to 3.4  0.8 mmol/l between the 2nd and 3rd hours (figure 2). 

Thee total rate of glucose appearance decreased by 7.0 umol.kg1.min"1 (95% CI: -9.9 ; -4.2), 

whilee endogenous glucose production rate increased by 3.8 umol.kg^.min"1 (95% CI: +0.8 ; 

+6.8),, equivalent to 35  36% of the decline in exogenous glucose supply. The absolute rate of 

gluconeogenesiss increased by 2.4 umol.kg"1.min"1 (95% CI: +0.5 ; +4.4). 

Thee changes in glucose production and gluconeogenesis were not significantly different between 

bothh groups. 

6 --

5 --

SS 4 -

E E 

EE 3 -

22 -

11 -

< < 

] ] 
^ ^ 

0 0 
1 1 

-i-̂  ^ 
.. I 1 

—o—<< 30 weeks 
rr —•— > 30 weeks 

^L ii  i vH H 
-11 0 1 

timee (h) 

Figur ee 2. Plasma glucose concentration. Data are means 
 SD. In both groups plasma glucose concentration 

declinedd between t = 0 and t = 2 hours. Thereafter 
plasmaa glucose concentration increased only in infants > 
300 weeks. 
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IVV glucose supply (umol 

Insulinn (pmol/l) 
Glucagonn (ng/l) 
Cortisoll (mmol/l) 
Adrenalinee (nmol/l) 
Noradrenalinee (nmol/l) 
Alaninee (umol/l) 
FFAA (Mmol/l) 

kg-" " .mm')) 33 

5 0 + 1 2 2 
1 1 0 + 7 6 6 
3066 + 149 

0.255 + 0 14 
2.56++ 1.37 

822 + 52 
655  136 

22 2 

3 6 + 1 0 0 
988 + 76 

3122 + 151 
0.388 + 0.21 
2.588 + 1.03 

666 + 34 
833  89 

Infantss < 30 weekss (n = 10) 

changee (95% CI) 

-14 4 
-13 3 
+7 7 

+0.13 3 
+0.01 1 

-16 6 
++ 18 

(-233 ; -5) 
(-233 ; -3) 
{-1322 ; +145) 
(-0.222 ; +0.48) 
(-0.899 , +0.92) 
(-322 ; +1) 
(-322 ; +68) 

number r 

10 0 
5 5 

9 9 
5 5 
5 5 
8 8 

10 0 

Tablee 4. Glucoregulatory hormones, alanine and FFA levels during exogenous glucose supply at a rate of 33 
versuss 22 (imol.kg \ rn in1 Data are means  SD, and mean differences (95% confidence interval), t = P < 0 5 for 
comparisonn with infants < 30 weeks. 

Hormones,, the gluconeogenic precursor alanine, and free fatty acids 

Thee results are shown in table 4. Due to a restriction in the amount of blood that could be taken, only 

measurementss of insulin, Cortisol, and FFA could be performed in all infants. In infants with a birth 

weightt over 1000 gram alanine was measured also. Blood for other hormones (glucagon and 

catecholamines)) was collected only in infants > 1200 gram. 

Duringg intravenous glucose supply at a rate of 33 umol.kg-1.min"1 plasma glucagon levels were 

significantlyy higher (p = 0.023) and plasma FFA levels were significantly lower (p = 0.014) in infants < 

300 weeks compared to infants > 30 weeks gestational age. 

Afterr diminishing the glucose infusion rate to 22 umol.kg"1.min-1, insulin levels declined significantly in 

bothh groups: by 14 pmol/l (95% CI: -23 ; -5) in infants < 30 weeks and by 9 pmol/l (95% CI: -16 ; -2) 

inn infants > 30 weeks gestational age (NS between groups). Plasma alanine levels declined significantly 

onlyy in infants > 30 weeks: by 34 pmol/l (95% CI: -55 ; -13). 

Discussio n n 
Loww plasma glucose concentrations are frequently found in preterm infants, the youngest infants 

beingg most compromised. This high risk of hypoglycemia may be due to small substrate stores, a 

highh brain-to-body weight ratio and immature enzyme systems46, thereby disturbing the balance 

betweenn glucose supply and requirements. Limited endogenous glucose production is attributed to 

restrictedd capacity for gluconeogenesis and glycogenosis433"40 . However, direct measurements of 

glucosee production and glucose concentration were done mostly without or during a constant 

glucosee infusion rate69-111315"16 , precluding conclusions about the adaptive capacity. In the present 

studyy we measured endogenous glucose production and gluconeogenesis as the potential adaptive 

capacityy to counteract a decrease in the rate of exogenous glucose supply in preterm infants. We 

hypothesizedd that the ability to adapt to diminishing exogenous supply would be more compromised 

inn very young infants (< 30 weeks gestational age). 
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33 3 

4 3 + 1 5 5 
499 + 15 | 

2199 + 100 
0.266 + 0.14 
4.033 + 1.17 
1 1 4 + 4 8 8 

977  78t 

Infantss > 30 weeks 

22 2 

333 + 11 
455 + 10t 

2633 + 197 
0,411 + 0.20 
4,455 + 1.39t 

800 + 36 
2888 + 263t 

(nn = 9) 

changee (95% CI) 

-99 (-17 ;-2) 
-55 (-15 ; +6) 

+444 (-62 ; +151) 
+0.155 (-0.01 ;+0.32) 
+0.422 (-0.05 ; +0,90) 

-344 (-55 ;-13) 
++ 191 (-14; +397) 

number r 

9 9 
7 7 
9 9 
6 6 
6 6 
9 9 
9 9 

Ourr data clearly show the limited capacity of preterm infants in general to adapt their glucose 

productionn rate to a decline in exogenous glucose supply within the three hour study period. The 

decreasee in exogenous glucose supply was only partly compensated by an increase in the production 

(-30%).. This is in contrast to adults, in whom a decline in exogenous supply of glucose is fully 

compensatedd by an increase in production26. We were not able to show a difference between 

infantss < 30 weeks and > 30 weeks gestational age with respect to their limited capability to 

increasee glucose production. However, the age difference between the groups was relatively narrow. 

Mostt infants were between 28 and 30 weeks gestational age in the < 30 weeks group whereas 

mostt infants in the > 30 weeks group were between 33 and 35 weeks. Although the changes in 

endogenouss glucose production and gluconeogenesis were not significant between the groups, 

theree was a trend towards better adaptation in the older group. We therefore cannot completely 

rulee out the possibility that older preterm infants are better adapters than younger infants. 

Thee limited capability to increase glucose production in the studied infants cannot be ascribed to 

ann obvious lack of gluconeogenic capacity as gluconeogenesis covered - 6 2 % of the glucose 

production.. These data on the adaptation of glucose kinetics can not be compared to data from 

thee literature. However, the basal measurements in both groups obtained during glucose infusion 

att a rate of 33 umol.kg ' .mm' were comparable to other studies using similar rates of intravenous 

glucosee supply7"81417. 

Stablee isotope steady state was reached during the study as is shown by our results. Metabolic steady 

statee however, could not be accomplished in our study because amino acids and a substantial amount 

off energy would have to be withheld for prolonged periods. We considered this unethical in our study 

population.. Second but more important, our study was designed to evaluate short-term responses in 

glucosee kinetics to changes in exogenous glucose supply. To put results in perspective, a modification 

too the studies during short term fasting in adults was chosen. In those studies metabolic steady state 

iss not reached either; but gradual changes in metabolism over time are found41. 
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Bothh AGA and SGA infants were included in this study. The number of SGA and AGA infants was 

equall in both groups. We found no differences in any of the parameters of glucose kinetics between 

AGAA and SGA infants, and analyzed the data therefore in two groups divided by gestational age. 

Whenn the AGA and SGA infants were analyzed separately still no differences were found between 

infantss < 30 weeks and infants > 30 weeks. 

Bothh groups remained normoglycemic during the study, precluding conclusions on glucose kinetics 

duringg hypoglycemia. Furthermore, we cannot rule out that the exclusion of severely hypoglycemic 

infantss has biased the results toward infants who already were better adapters. However, the study 

designn precludes the inclusion of hypoglycemic infants, since it is ethically not acceptable to keep 

thee plasma glucose concentration at low levels. In addition, it is not meaningful to include infants 

whoo are treated for severe hypoglycemia, since the necessary high rate of exogenous glucose 

supplyy might suppress endogenous glucose production 

Sincee no major differences in glucose production between infants < 30 weeks and > 30 weeks were 

found,, the slight differences in glucoregulatory hormones, alanine and free fatty acid levels between 

ourr groups seem to have no influence in this respect. 

Directt measurement of gluconeogenesis in preterm infants was performed in only one study, by 

Sunehagg et al, in infants < 30 weeks gestational age during total parenteral nutrition containing 3 

mgg glucose.kg^.min -1 72. Gluconeogenesis was estimated by three techniques: MIDA using [2-
13C]glyceroll or [U13C]glucose, and the 2H20 technique with deuterium incorporation in carbon 6 of 

glucose.. In the latter method, using carbon 6 instead of carbon 5 enrichment, gluconeogenesis is 

underestimatedd because the contribution from glycerol to gluconeogenesis is not included and 

theree is incomplete equilibration between body water and carbon 6 of glucose2324. However, 

measurementt of deuterium incorporation into glucose carbon 5 is not feasible in small infants 

becausee relatively large-volume blood samples are required. Gluconeogenesis estimated by 

[U ;3C]glucosee and [2-13C]glycerol yielded similar results (72% of endogenous glucose production, 

orr an absolute rate of 7.6 umol.kg 1.min')22. In the present study, we measured gluconeogenesis 

byy the MIDA technique using [2J3C]glycerol. Fractional gluconeogenesis was 56% in the infants < 

300 weeks gestational age in our study, compared to 72% in the infants of a comparable age group 

studiedd by Sunehag. Their higher rate of gluconeogenesis can be explained by stimulation of 

gluconeogenesiss by amino acids and/or lipid emulsion, administered as part of the parenteral nutrition. 

Anotherr explanation for their higher fractional gluconeogenesis can be gradual depletion of glycogen 

stores,, due to their study design22. 

Thee percentage of glucose derived from gluconeogenesis in the infants in our study is comparable 

too the fractional gluconeogenesis found in adults after an overnight fast. This suggests that the 

partiall compensation for the decline in exogenous glucose supply is due to limitations in the final 

commonn pathway of intracellular glucose metabolism (i.e. glucose 6-phosphatase), rather than a 

defectt in either gluconeogenesis or glycogenosis. This hypothesis is consistent with the in vitro 
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findingss of Hume et al of a low glucose 6-phosphatase activity in hepatocytes of preterm infants42. 

Glucosee 6-phosphatase catalyzes the final step of hepatic gluconeogenesis and glycogenosis. Low 

glucosee 6-phosphatase activity will therefore result in a proportional effect on glucose derived from 

gluconeogenesiss and glycogenosis. 

Althoughh endogenous glucose production increased in both groups after reduction of exogenous 

supply,, glucose availability (the sum of endogenous and exogenous glucose supply) to the tissues 

diminishedd by - 2 1 % in infants < 30 weeks and by - 1 7 % in infants > 30 weeks gestational age. 

Despitee this comparable decline, infants > 30 weeks were able to increase plasma glucose 

concentrationn after the initial decline, whereas the younger infants were not, suggesting a limited 

capacityy to reduce peripheral glucose utilization in the younger group. This finding is in contrast 

withh the response in healthy adults. They are able to maintain the plasma glucose concentration 

duringg a prolongation of the fast from 16 to 22 hours, despite a 20% decline in endogenous 

glucosee production rate, due to a concomitant decline in peripheral glucose uptake41. The difference 

inn response between the younger and the older preterm infants in our study can be explained by 

thee differences at the end of the study in plasma norepinephrine and/or free fatty acids as both are 

well-knownn inhibitors of peripheral glucose uptake43"44. 

Inn conclusion, we showed that preterm infants could only partly compensate a decline in glucose 

infusionn by increasing glucose production. The increase in endogenous glucose production and 

gluconeogenesiss following a decrease in exogenous glucose supply was comparable between infants 

<< 30 weeks and > 30 weeks gestational age. The limitations in the increase in glucose production 

seemm to be due to limitations in the final common pathway of intracellular glucose metabolism (i.e. 

glucosee 6-phosphatase), since there was a proportional increase in both the gluconeogenic and the 

glycogenolyticc contribution to glucose production. The plasma glucose concentration declined initially 

inn all infants, which was followed by an increase in infants > 30 weeks. In contrast, in the younger 

infantss the plasma glucose concentration remained unchanged in the last hour of the study, suggesting 

ann additional insufficient adaptation of peripheral glucose utilization in this very young group. 
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Abstrac t t 
Background d 

Loww plasma glucose concentrations are more frequently found in small for gestational age (SGA) 

thann appropriate for gestational age (AGA) infants in the first postnatal days. This is, among others, 

ascribedd to an insufficient increase in glucose production in response to an increase in demand. 

Aimm of the study 

Too test the hypothesis that term AGA infants can fully balance a decrease in exogenous glucose 

supplyy by increasing endogenous production, contrary to SGA infants. 

Studyy design 

Glucosee production and gluconeogenesis were measured in 6 AGA and 6 SGA term infants using [6,6-
2H2]glucosee and [2-13C]glycerol during unlabeled glucose infusion at a rate of 33 and 22 u,mol.kg"1.min"1. 

Results s 

Inn response to a decline in exogenous supply of 11 u,mol.kg' l.min'1, AGA and SGA infants showed 

aa comparable increase in gluconeogenesis: AGA +2.92 ^mol.kg \ m i n ~' (95% CI: +1.15; +4.69); 

SGAA +2.39 |amol.kg'1.min'1 (95% CI: +0.47; +4.30) (NS between groups). Glycogenosis increased 

onlyy in AGA infants: +3.43 ^mol.kg"1.mirv1 (95% CI: +1.99; +4.87), and remained unchanged in 

SGAA infants: +0.14 umoLkg^min"1 (95% CI: -1.97; +2.25) (p=0.008 between groups). AGA infants 

compensatedd the decline in exogenous glucose by 58  20% by increasing their endogenous glucose 

production,, while SGA infants compensated only 23  26% (p=0.027 between groups). 

Conclusions s 

Termm AGA and SGA infants only partly compensated for a decline in exogenous glucose supply. 

AGAA infants appeared better equipped to compensate an abrupt decrease in exogenous glucose 

thann SGA infants, as AGA infants were able to increase both gluconeogenesis and glycogenosis, 

whereass SGA infants only increased gluconeogenesis. 
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Introductio n n 
Loww plasma glucose concentrations are frequently found in newborn infants. The incidence is higher 

inn infants who are small for gestational age (SGA) compared to appropriate for gestational age 

(AGA)) infants12. This is, among other possibilities, ascribed to insufficient glucose production in 

SGAA infants, due to limited gluconeogenic capacity or limited hepatic glycogen stores36. However, 

thee only three studies in the literature exploring this hypothesis do not support this possibility79. In 

thesee studies, only measuring glucose production during either no glucose supply or during a constant 

glucosee infusion, glucose production in SGA infants was similar or even higher than in AGA infants. 

Thee effect of acute changes in exogenous glucose supply on endogenous glucose production has 

nott been tested in these infants79. 

Inn adults, when glucose is infused at a rate similar to basal glucose production (11 fjmol.kg Tmin_1), 

endogenouss glucose production is completely suppressed1011. A decline in glucose infusion below 

basall requirements is fully compensated by an increase in endogenous production, preserving total 

glucosee availability at the level of 11 fjmol.kg 1.mm 1. In a previous study we showed that preterm 

infants,, both AGA and SGA, can only partly compensate a decrease in exogenous glucose infusion 

byy an increase in endogenous production12. As preterm (both AGA and SGA) and term SGA infants 

aree more prone to hypoglycemia than term AGA infants, we hypothesized that only term AGA 

infantss can fully balance a decrease in exogenous glucose supply by increasing endogenous 

production,, contrary to the other groups. 

Thee primary objective of this study was to test this hypothesis by measuring glucose production in 

responsee to a decline in exogenous glucose supply in term SGA and AGA infants. The secondary 

objectivee was to measure the changes in gluconeogenesis and glycogenosis within each group in 

relationn to the decline in exogenous glucose supply. 

Method s s 
Patients s 

Termm infants were recruited from the Neonatal Intensive Care Unit at the Emma Children's Hospital 

AMC,, Amsterdam, and Neonatal High Care Unit at the Hieronymus Bosch Hospital, 's-Hertogenbosch, 

thee Netherlands. All infants with a gestational age > 37 completed weeks were eligible for the 

study.. We included infants with a postnatal age between one and eight days, because the incidence 

off low plasma glucose concentrations is the highest in the first postnatal week. Infants were assigned 

too the AGA group when birth weight for gestational age was between the 10th and 90 th percentile 

(betweenn -1.3 and +1.3 SD score) and to the SGA group when birth weight for gestational age was 

beloww the 10th percentile (< -1.3 SD score)13. Exclusion criteria were: glucose intake more than 44 

fj.mol.kg"11 .min-1 for treatment of hypoglycemia, birth weight above the 90 th percentile for gestational 

agee (> +1.3 SD score), sepsis, severe perinatal asphyxia (5-min Apgar score < 7), congenital 

malformations,, severe respiratory distress, need of vasopressor support, and maternal diabetes or 
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6,66 H ; glucose 

[2-- C] glycerol 

intravenouss glucose 33 umol.kg .min 22 umol.kg mm 

Figur ee 1. Study design. Arrows indicate blood 
samplingg times (t = -180, -1 5, 0, +1 5, +165, +180, 
andd +195 minutes). 

glucosee intolerance. Written informed consent by the parents was obtained in all cases. This study 

wass approved by the Medical Ethical Committee of the Academic Medical Center, Amsterdam and 

Hieronymuss Bosch Hospital, 's-Hertogenbosch, the Netherlands. 

Studyy design 

Thee study design is shown in figure 1. Before the study all infants received enteral or parenteral 

nutritionn (or a combination) according to the nutrition protocol in the ward. Enteral and parenteral 

nutritionn were discontinued six hours before the study and replaced by intravenous glucose supply 

(unlabeled)) at a rate of 33 p.mol.kg"1.mirri (6 mg.kg^.min1). This infusion rate was chosen as it 

providess less glucose than the carbohydrate intake of fully breastfed infants, the gold standard, 

whichh is approximately 44 u.mol.kg \ m i n ' 14. In order to show changes in glucose production, a 

measurablee rate of glucose production should be found in both phases of the study. The fluid intake 

wass kept at the level prescribed by the attending clinician, and was not changed during the study. 

Infusionss were administered through an intravenous (peripheral or central venous) catheter, previously 

introducedd for clinical reasons. Blood samples were drawn from a second intravenous catheter in 

thee opposite limb or, if present, from an intra-arterial line. 

Afterr obtaining a baseline blood sample at t = -180 min (8.00 am) for determination of background 

isotopicc abundance and plasma glucose concentration, a primed (80 u.mol.kg 1 body weight), 

continuouss (0.9 u.mol.kg~1.min1) infusion of [6,6-2H2]glucose was started on top of the cold glucose 

infusionn to measure glucose production. [6,6-2H2]glucose (99% enriched, ARC Laboratories BV, 

Apeldoorn,, The Netherlands), dissolved in sterile isotonic saline and sterilized by passage of the 

solutionn through a millipore filter (size 0.2 u.m; Minisart, Sartorius AG, Göttingen, Germany) was 

administeredd by a calibrated syringe pump (Perfusor® fm, B. Braun, Melsungen AG, Germany). 

Simultaneously,, a primed (272 (imol.kg"1 body weight), continuous (4.53 u.mol.kg 1.min ') infusion 

off [2-13C]glycerol (99% enriched, ARC Laboratories BV, Apeldoorn, The Netherlands) was started at 

tt = -180 min to measure fractional gluconeogenesis. Unlabeled glucose was continued at a rate of 

333 u.mol.kg"1.min"1. 

Timee (min) -180 0 180 

Bloodd samples 
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Afterr an equilibration period of 165 minutes of stable isotope infusion, three blood samples were 

collectedd at 1 5-minute intervals (t = -1 5, 0 and +1 5 min) for the measurement of isotopic enrichments 

andd plasma glucose concentration. Subsequently, at t = +1 5 minutes, unlabeled glucose supply was 

diminishedd to 22 u,mol.kg 1.min 1 (4 mg.kgTmin1) . Three blood samples were collected again at 1 5-

minutee intervals at t = 165, 180 and 195 min for isotopic enrichment and plasma glucose 

determination.. At t = 0 and t = 180 minutes, blood was also collected for determination of insulin, 

glucagon,, Cortisol, epinephrine, norepinephrine, alanine, and free fatty acids (FFA). 

Assays s 

Alll measurements were performed in duplicate, except for the MIDA-samples (mass isotopomer 

distributionn analysis), and all samples of individual newborns were analyzed in the same run. 

Plasmaa glucose concentration was measured by the glucose oxidase method (Beekman Glucose 

Analyzer,, Beekman Instruments Inc., Mijdrecht, the Netherlands). 

Gass chromatography/mass spectrometry (GC/MS) analyses were performed with a model 5890 

Seriess II gaschromatograph coupled to a Model 5989 A mass spectrometer (Hewlett Packard, Palo 

Alto,, CA, USA). Sample preparation and measurement of [2H] and singly and doubly [13C] labeled 

glucosee using a combination of [6,6-2H2]glucose and [2-13C]glycerol for the MIDA technique have 

beenn described in detail by our group previously15. 

Insulinn concentrations were measured using a radio-immuno-assay (Pharmacia Diagnostics AB, 

Uppsala,, Sweden). Glucagon concentrations were also determined with a radio-immuno-assay (Linco 

Researchh Inc., St. Charles, MO, USA). Cortisol concentrations were measured with enzyme immuno 

assayy on an Immulite analyzer (DPC, LA, CA, USA). Catecholamines were determined with HPLC 

withh fluorescence detection using alpha-methyl norepinephrine as internal standard. Alanine 

concentrationss were measured with an enzymic micromethod16. FFA concentrations were determined 

enzymaticallyy using a NEFAC kit (WAKO Chemicals GMBH, Neuss, Germany). 

Calculations s 

Ratee of appearance (Ra) of glucose was calculated by the isotope dilution technique from the [6,6-
2H2]] enrichment of glucose, using calculations for steady state kinetics, adapted for the use of 

stablee isotopes17: Ra = (E( / E ) x I, where Et and E are the [6,6-2H2] enrichments of the infusate and 

plasmaa respectively, and I is the infusion rate of [6,6-2H2]glucose. Steady state was defined as a 

coefficientt of variation of <15%18. To calculate endogenous glucose production rate (GPR), 

exogenouslyy infused glucose was subtracted from glucose Ra. 

Precursorr pool enrichment (p) and fractional gluconeogenesis (f) were calculated from the mass 

isotopomerr distribution pattern of unlabeled, singly and doubly labeled glucose derived from [2-
13C]glyceroll as described previously151920. Absolute rate of gluconeogenesis is calculated as the 

productt of f times glucose Ra. Gluconeogenesis as a fraction of endogenous glucose production is 
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Subject t 

AGA A 
1 1 

2 2 
3 3 
4 4 

5 5 
6 6 

meann  SD 

5GA A 
7 7 

8 8 
9 9 

10 0 
11 1 

12 2 

meann  SD 

Gestationall Age 

(weeks) ) 

388 4/7 

388 3/7 
377 5/7 

399 4/7 
388 4/7 

411 0/7 

39.00  1.2 

377 6/7 
422 1/7 
388 2/7 
400 4/7 
377 0/7 

400 3/7 

39.44  2.0 

Btrthh Weight 

(gram) ) 

3130 0 
3180 0 

2470 0 

3200 0 
3120 0 
3820 0 

311 53 8 

1930 0 
2900 0 
2220 0 
2710 0 
1790 0 
2380 0 

23222 2 * 

Birthh Weight 

SDD score 

-0.29 9 
+0.19 9 
-1.23 3 
-0.41 1 

-0.31 1 
+0.76 6 

-0.222 + 0.66 

-2.77 7 
-1.44 4 

-2.03 3 
-2.01 1 
-2.33 3 

-2.30 0 

-2.11 5 4 * 

Postnatall Age 

(days) ) 

3 3 
2 2 
4 4 

3 3 

2 2 
2 2 

2.77 8 

2 2 
2 2 
3 3 

2 2 
4 4 

2 2 

2.55 8 

Sex x 

malee / female 

female e 

female e 
female e 

female e 
female e 
female e 

female e 
female e 

male e 
male e 
male e 

female e 

Tablee 1. Clinical characteristics Data are medians and ranges. * = p < 0.01 for comparison with AGA group. 

calculatedd as the absolute rate of gluconeogenesis divided by GPR. Glycogenosis is calculated by 

subtractingg the absolute rate of gluconeogenesis from the GPR. 

Forr all parameters of glucose kinetics the means from t = -1 5 to +15 min and from t = 165 to 195 

minn respectively, are presented. 

Statistics s 

Powerr analysis was based on the change in endogenous glucose production in response to the 

declinee in exogenous glucose supply. Complete compensation for the decline would reveal an increase 

inn glucose production by 11 u.mol.kg"1.mirr1. To be able to show a 50% difference from complete 

compensation,, i.e. 5.5 instead of 11 u.mol.kg'Vmin'", with an a of 0.05, a power of 0.90 and SD of 

3.2,, each group would have to comprise six infants. 

Time(min)) -15 0 15 

[6,6-2H2]glucose e 

[13CJglucose e 

[13CJglucose e 

Plasmaa glucose 
concentration n 

AGA A 
SGA A 

AGA A 

SGA A 
AGA A 
SGA A 
AGA A 

SGA A 

2.222 7 

2,011 1 
0.0266 2 

0.0300  0.004 
0.0088 1 

0.0099 + 0.001 
4.11  1.0 

4.11 8 

2.200 3 
2.044 8 

0.0266 3 
0.0311 3 

0.0088 + 0.001 
0.0099 1 

4.22 6 

4.22  1.0 

2.299 2 

2.055 8 
0.0277  0.006 

0.0322  0.005 
0.0077 1 
0.0099  0.001 

4.44 5 
4.33 9 

Tablee 2. Plasma glucose enrichments during infusion of [6,6-2H2]glucose and [2-13C]glycerol and plasma glucose 
concentrationn (mmol/l). Data are means  SD. 
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Dataa are reported as means  SD, unless otherwise stated. Changes within groups are expressed as 

meann difference with 95% confidence interval (95% CI). 

Dataa within groups were analyzed by the paired samples t-test, with each infant serving as his or her 

ownn control. Data between groups were analyzed by the f-test for independent samples. Statistical 

significancee was set at p < 0.05. 

Result s s 
Clinicall data 

Thee clinical characteristics of the infants are shown in table 1. According to the power calculation 

twelvee infants were included in the study. They were studied between the second and the f i f th 

postnatall day. All infants were clinically stable, had normal body temperature, normal acid base 

statuss with normal oxygen saturation concentrations. Five infants received antibiotics, but none 

hadd positive blood cultures or clinical signs of infection. One infant needed extra oxygen (Fi02 30%) 

administeredd by nasal prongs. 

Steadyy state 

Plasmaa glucose enrichments are shown in table 2. During both study periods (t = -1 5 to +1 5 min and 

tt = 165 to 195 min, respectively) steady state was reached. 

Changess in glucose production and plasma glucose concentration in 
relationn to the decrease in intravenous glucose supply 

Duringg intravenous glucose infusion at a rate of 33 umol.kg"1 .min"1, there were no significant differences 

inn endogenous glucose production and plasma glucose concentration between AGA and SGA infants 

(tablee 3). In response to the decline in exogenous glucose supply of 11 u.mol.kg'1.min'1 endogenous 

glucosee production increased significantly by 6.35 u.mol.kg'1.min1 (95% CI: +4.07; +8.62) in AGA 

infants.. In SGA infants the change in glucose production did not reach statistical significance: +2.53 

u-mol.kg'11 .min1 (95% CI: -0.48; +5.53). The change in glucose production was significantly different 

1655 180 195 

2.577 6 2.46 6 2.42 + 0.15 
2.544 0 2.49 5 2.48 + 0.35 

0.0433  0.006 0.042  0.006 0.044  0.006 
0.0488  0.006 0.048  0.006 0.047  0.007 
0.0122 2 0.012 1 0.012 1 
0.0133 1 0.013 1 0.013 1 

4.00 6 4.0 7 3.9 7 
4.11  1.0 4.6  1.1 4.1  1.1 
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IVV glucose supply 

AGAA group (n = 6) 

33 3 
meann  SD 

32,877 4 
6.677 7 
4.577 0 
2.100 0 

788 2 
4.11 8 

22 2 
meann  SD 

21.899 7 
35.800 8 
13.022 4 
7.499  1.38 
5.533 4 
4.00 7 

change e 
meann (95%CI) 

-10.999 (-11.14;-10.83) 
+6.355 (+4.07 ; +8.62) 
+2.922 (+1.15; +4.69) 
+3.433 (+1.99, +4.87) 

-188 (-32;-4) 
-0.11 (-0.9; +0.7) 

Infusionn rate (umol.kg'1.min-1) 
Glucosee production (umol.kg'1.mm"' 
Gluconeogenesiss (umol.kg 1 .min"1) 
Glycogenosiss (umol.kg'1.min"1) 
Fractionall gluconeogenesis (%) 
Plasmaa glucose (mmol/l) 

Tablee 3. Parameters of glucose kinetics during exogenous glucose supply at a rate of 33 versus 22 umol.kg1.min~ 
** = p < 0.01, # = p < 0.05 for comparison with AGA. 

AGAA group (n = 6) 

IVV glucose supply 33 3 
meann D 

588 5 
566 2 

2488  202 
0.211 8 
1.588 9 
2077 2 

0.200 0 

22 2 
meann  SD 

399 9 
566  17 

3933 1 
0.222 7 
1.666 4 

1911 7 
0.344 1 7 

change e 
meann (95%CI) 

-199 (-36;-2) 
-11 (-12 ;+12) 

++ 145 (-13;+303) 
+0.011 (-0.05 ; +0.06) 
+0.088 (-0.29 ; +0.45) 

-166 (-33 ; +1) 
+0.144 (-0.02 ;+0.29) 

Insulinn (pmol/l) 
Glucagonn (ng/l) 
Cortisoll (mmol/l) 
Epinephrinee (nmol/l) 
Norepinephrinee (nmol/l) 
Alaninee (umol/l) 
FFAA (mmol/l) 

Tablee 4. Glucoregulatory hormones, alanine and FFA concentrations during exogenous glucose supply at a rate of 
333 versus 22 u.mol.kg 1.min1. * = p < 0.01, # = p < 0.05 for comparison with AGA. 

betweenn AGA and 5GA infants (p = 0.026). The compensation for the decline in exogenous glucose, 

calculatedd as the increase in endogenous glucose production as percentage of the decline in 

exogenouss glucose supply, was equivalent to 58  20% in the AGA and 23  26% in the SGA 

infants.. After the decline in exogenous glucose supply, the plasma glucose concentration remained 

unchangedd in both groups: -0.1 mmol/ l (95% CI: -0.9; +0.7) in AGA infants, and -0.1 mmol/l (95% 

CI:: -0.7; +0.6) in SGA infants (NS between groups). 

Changess in gluconeogenesis and glycogenosis in relation to the 
decreasee in intravenous glucose supply 

Duringg intravenous glucose infusion at a rate of 33 u.mol.kg"1.min"1 the rates of gluconeogenesis 

andd glycogenosis were not different between AGA and SGA infants (table 3). In response to the 

declinee in exogenous glucose supply the rate of gluconeogenesis increased significantly in both 

groups:: by 2.92 u.mol.kg"1.min 1 (95% CI: +1.15; +4.69) in AGA and by 2.39 umol.kg-1.mirr1 (95% 

CI:: +0.47; +4.30) in SGA infants (NS between groups). The rate of glycogenosis increased only in 

AGAA infants: by 3.43 ^mol.kg'1 .min'1 (95% CI: +1.99; +4.87). In SGA infants the rate of glycogenosis 

didd not change significantly; +0.14 u.mol.kg'.min1 (95% CI: -1.97, +2.25). In the SGA group three 
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SGAA group (n = 6) 

n n 

6 6 
6 6 
6 6 
6 6 
6 6 
6 6 

33 3 
meann  SD 

32.800 7 
9.944 4 

6.399 3 
3.555 7 

655  14 
4.22 9 

22 2 
meann  SD 

21.866 9 
36.144 8 
12.477 6 
8.788  3.06 
3.699  1.50 

4.22  1.1 

change e 

meann (95%CI) 

-10.944 (-11.14;-10.74) 
+2.533 (-0.48 ;+5.53) # 
+2.399 (+0.47 , +4.30) 
+0.144 (-1.97; +2 .25)* 

55 ( -9 ;+20)# 
-0.11 (-0.7;+0.6) 

n n 

6 6 
6 6 
6 6 
6 6 
6 6 
6 6 

SGAA group (n = 6) 

33 3 
meann  SD 

344 7 * 
855 + 2 6 # 

8 8 
0.099  0.03 # 

2.622  1.16 
3 3 

0.311 3 

22 2 
meann  SD 

300 + 9 
699 + 26 

2700 + 355 
0.077 2 
2.800 2 

2022 + 74 
0.488 + 0.29 

change e 

meann (95%CI) 

-55 (-9;-1) 

-155 ( -27; -3)# 
-1122 (-672 ; +448) 

-0.022 (-0.05 ; +0.02) 

-0.111 (-2.54 ;+2.33) 

-611 ( -124 ;+2)# 
+0.177 (-0.01 ;+0.35) 

n n 

5 5 
5 5 
5 5 
4 4 
4 4 
4 4 
6 6 

infantss showed an increase in glycogenosis, two infants a slight decrease (number 8 and 11 in 

tablee 1) and one infant (number 12) showed a marked decrease. The change in glycogenosis in 

SGAA infants was significantly different from AGA infants (p = 0.008). 

Hormones,, the gluconeogenic precursor alanine, and free fatty acids 
Dataa are shown in table 4. During intravenous glucose infusion at a rate of 33 u.mol.kg"1.min"1, the 

plasmaa insulin and epinephrine concentrations were lower, whereas the plasma glucagon 

concentrationn was higher in SGA infants. Plasma Cortisol, norepinephrine, alanine and FFA 

concentrationss were comparable in AGA and SGA infants during glucose infusion at a rate of 33 

HmoLkg"11 .min1 . After the decline in exogenous glucose the plasma insulin concentration declined in 

bothh groups (NS between groups). The plasma glucagon concentration decreased only in SGA 

infants:: by 1 5 ng/l (95% CI: -27; -3), whereas it remained unchanged in AGA infants (p = 0.049 for 

thee difference between the groups). The changes in Cortisol, epinephrine and norepinephrine 

concentrationss were not different between the groups. The change in alanine concentrations was 

significantlyy different between AGA and SGA infants (p = 0.036). 
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Discussio n n 
Ourr data show that term infants can only partly compensate a decline in exogenous glucose supply 

withh an increase in endogenous glucose production. Both AGA and SGA infants are able to increase 

gluconeogenesiss to a similar extent. In addition, all AGA infants showed an increase in glycogenosis, 

inn contrast to only half of the SGA infants. 

Too our knowledge, the adaptive response to a decline in exogenous glucose supply has not been 

studiedd before in term infants. Most studies measured glucose production on a single occasion. 

Comparedd with those studies using similar glucose infusion rates, endogenous glucose production 

inn our infants was comparable78 '2122. Only two studies investigated term newborns during different 

glucosee infusion rates. One study measured endogenous glucose production after an increase in 

exogenouss glucose from 0 to -23 u.mol.kg 1.min 1 8, and another study compared two groups of 

infantss receiving 0 or -31 u.mol glucose.kg mm ' 2 1 . Those studies showed that endogenous glucose 

productionn was inversely proportional to exogenous glucose supply, i.e. endogenous production 

wass higher without exogenous glucose supply. However, both studies were not designed to investigate 

whetherr term infants would be able to compensate an abrupt decline in exogenous glucose 

completely,completely, which is important to prevent hypoglycemia. 

InIn preterm infants we showed previously that they could only partly compensate a decline in 

exogenouss glucose12. The compensation of 58  20% in the term AGA infants in the present study 

wass higher than the 24  19% in the youngest preterm AGA group in the previous study (p = 

0.011).. The compensation in the intermediate gestational age group (between 31 and 36 weeks) in 

ourr previous study was neither different from the younger nor from the term AGA group. In the 

SGAA infants there were no significant differences between the term and preterm SGA infants: 23

26%% for term SGA compared to 38  18% and 36 % for the SGA infants in the youngest and 

intermediatee gestational age group. We hypothesized that only term AGA infants could fully balance 

aa decrease in exogenous glucose supply by increasing endogenous production, contrary to preterm 

andd term SGA infants. Our data show that neither term AGA, nor term SGA, nor preterm infants 

cann fully compensate the decline in exogenous glucose supply, but term infants do better than 

pretermm or term SGA infants. This confirms that the capacity to increase glucose production in 

relationn to an increase in demand is more impaired in younger and smaller infants, which may 

contributee to the higher incidence of hypoglycemia in those groups. 

Endogenouss glucose production was low, but still present at the initial glucose infusion rate. 

Explanationss for this finding are either that endogenous glucose production cannot be completely 

suppressed,, or that glucose needs are higher than the exogenously supplied amount of glucose. We 

considerr the second possibility the most plausible for the following reasons. First, the carbohydrate 

intakee of fully breast fed infants, the golden standard, is higher, approximately 44 u.mol.kg1.min1. 

Assumingg that this represents a term infant's carbohydrate needs, endogenous production should 

bee low but not completely suppressed at the initial glucose infusion rate of 33 u.mol.kg1 min1 . The 
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secondd argument, inability to suppress endogenous glucose production fully, is contradicted by 

earlierr studies that showed that endogenous glucose production in term infants indeed can be 

suppressedd by administration of intravenous glucose721. 

Gluconeogenesiss increased both in AGA and in SGA infants following the decline in exogenous 

glucosee supply. Our data cannot be compared to data from the literature, because so far only 

estimationss of gluconeogenesis in term AGA and SGA infants are reported8 9 2 3 25. The stable isotope 

techniquess used in those studies were: quantification of glucose carbon recycling, estimation of Re

incorporationn from labeled lactate or alanine into glucose, and the 2H20 technique with deuterium 

incorporationn in carbon 6 of glucose, all providing estimates of gluconeogenesis. The 2H20 technique 

couldd provide a reliable measurement of gluconeogenesis if carbon 5 enrichment would have been 

measured,, thereby including the contribution from glycerol to gluconeogenesis2627. However, this 

iss not feasible in newborn infants because of the requirement of relatively large-volume blood 

samples.. Apart from the 2H20 technique, MIDA is the second established method for direct 

measurementt of gluconeogenesis in vivo15. Because of the limitations of the techniques used in the 

pastt it is not meaningful to compare our data on gluconeogenesis in term infants wi th 

abovementionedd studies. In preterm infants however, the MIDA technique was used in two 

studies12 '28.. In these studies gluconeogenesis contributed approximately 60-70% to glucose 

production,, comparable to the results in our term infants. 

Thee most remarkable finding in the present study was the absence of a rise in the rate of glycogenosis 

inn the SGA group as a whole. This was due to a decrease in glycogenosis in three infants, whereas 

thee other three infants showed an increase. However, even in the latter infants, the increase in 

glycogenosiss was lower (mean + SD: 1.80 + 0.16 u.mol.kg \mim1) than the increase in term AGA 

infantss (3.43 + 1.37 u.mol.kg~1.min1) (p = 0.033). We therefore believe it is justified to conclude that 

thee adaptation of glycogenosis is impaired in term SGA infants in general. 

Explanationss for the hampered adaptation of glycogenosis in SGA infants could be: lack of glycogen 

contentt resulting from limited glycogen synthesis, or the inability to release glucose from the glycogen 

stores.. Both a lack of glycogen content and the inability to release glucose from glycogen stores can 

bee caused by a) lack of substrate (i.e. glycogen); b) diminished activity of the enzymes involved in 

glycogenn synthesis and breakdown, or c) insufficient hormonal stimulation. For the first explanation, 

lackk of glycogen, several considerations have to be taken into account. First, it is well known that 

thee prenatal liver glycogen content is smaller in SGA fetuses compared to AGA fetuses of similar 

gestationall age. However, the liver glycogen stores that are built up before birth are rapidly depleted 

onn the first postnatal day2930. Therefore the prenatal differences in liver glycogen are leveled off on 

thee first postnatal day. In addition, if the prenatal difference in liver glycogen stores between AGA 

andd SGA infants would be the explanation for the difference in the change in glycogenolysis, we 

wouldd expect that the change in glycogenolysis would be most compromised in infants with the 

lowestt birth weight SD score. This was not the case in our study, as the decline in glycogenolysis 
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wass found in infant no. 8, 11 and 12 in table 1. Second, in the postnatal period glycogen synthesis 

depends,, among others, on adequate substrate supply, i.e. exogenous glucose. A difference in 

postnatall exogenous glucose supply could explain a difference in glycogen content between AGA 

andd SGA infants. This cannot be the explanation for our results: in the days before the study all 

infantss received nutrit ion according to the protocol in our department, implying more rapid 

advancementt of fluid and carbohydrates in SGA infants. SGA infants therefore received approximately 

65%% more carbohydrates compared to AGA infants (30.8 + 8 4 versus 18.7  9.6 umol.kg 1 .min 1 (p 

== 0.042)), In the six hours prior to and during the stable isotope infusion, the glucose infusion rate 

wass equalized in the AGA and SGA groups. Third, a higher rate of glycogenosis before the study 

couldd result in relative depletion of the liver glycogen content. We cannot completely exclude this 

possibility,, because the initial rate of glycogenosis seemed higher in SGA infants, although the 

differencee was not statistically significant. This possibility is supported by the differences in the 

concentrationss of several glucoregulatory hormones between AGA and SGA infants at the start of 

thee study. The higher glucagon concentrations in SGA infants favor glycogen breakdown, and the 

lowerr insulin concentrations reduce glycogen synthesis, resulting in smaller glycogen stores. The 

absencee of a rise in glycogenosis in SGA infants can therefore not be ascribed to lower exogenous 

glucosee supply before the study, but depletion of liver glycogen stores due to higher glycogenosis 

inn the hours preceding the study cannot be excluded. 

Thee second explanation, diminished activity of the enzymes involved in glycogen synthesis and 

breakdown,, is neither supported nor opposed by the available data in the literature. The enzymes 

involvedd in glycogen metabolism are glycogen synthase and glycogen phosphorylase. Glycogen 

synthesiss increases with activation of glycogen synthase and inactivation of glycogen phosphorylase, 

thee ratio of these two enzymes determines whether glycogen is synthesized or degraded. Postmortem 

studiess on fetai and neonatal human livers showed that glycogen synthase activity increases with 

increasingg gestational age, whereas glycogen phosphorylase activity remains low, resulting in glycogen 

accumulation.. After birth glycogen phosphorylase activity increases and glycogen synthase activity 

decreases,, this is accompanied by a rapid degradation of glycogen stores30 31. These studies suggest 

ann adequate ratio between glycogen synthase and phosphorylase both in utero and after birth. 

However,, potential postnatal differences between AGA and SGA infants in the activity of these 

enzymess were not studied in humans, and therefore cannot be excluded. 

Thee third explanation, insufficient stimulation of the secretion of the glucoregulatory hormones in 

general,, can not be the cause. Glycogenosis and gluconeogenesis are regulated by in essence the 

samee hormones and a substantial increase in the rate of gluconeogenesis was indeed found in our 

SGAA infants. However, glucagon could be an exception. Glucagon is an important stimulator of 

especiallyy glycogenolysis and the lack of maintenance of the plasma concentrations of this hormone 

inn SGA infants during the study could be the explanation for the impaired stimulation of glycogenolysis 

inn those infants32. Although the decline in the plasma glucagon concentration seems small, the change 
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fromm baseline was still approximately - 18+10% in SGA infants, compared to 0 + 22% in AGA infants. 

Bothh small changes in the plasma glucagon concentration and lack of maintenance of basal glucagon 

concentrationss have been shown to result in significant changes in glucose kinetics3334. Changes in 

thee stimulatory and inhibitory regulators of glucagon secretion could explain the decline in the plasma 

glucagonn concentration in our SGA infants. Glucagon secretion is stimulated by amino acids (alanine 

andd arginine), catecholamines, and hypoglycemia, and inhibited by glucose, somatostatine and 

FpA35-366 y n e decline j n the glucagon concentration in the SGA infants during the study could be 

duee to differences in the changes in the plasma alanine concentrations, which declined more in SGA 

thann in AGA infants. The other stimulators and inhibitors of glucagon secretion did not change 

(plasmaa glucose and catecholamines) or changed in the same direction (FFA) in both groups, and it 

iss therefore unlikely that they explain the differences in the changes in glucagon concentration 

betweenn AGA and SGA infants. In summary, the absence of an increase in the rate of glycogenosis 

inn response to a decrease in exogenous glucose in SGA infants could be due to: a) lower liver 

glycogenn content as a result of a higher rate of glycogenosis in the prestudy period; or b) the 

inabilityy of the SGA infants to maintain or increase the plasma glucagon concentration. 

Inn conclusion: in both AGA and SGA term infants a decrease in exogenous glucose supply was only 

partlypartly compensated by an increase in endogenous production. The adaptive response to a decline 

inn exogenous glucose concerned increases in both gluconeogenesis and glycogenosis in AGA 

infants,, while SGA infants were only able to increase gluconeogenesis. 
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Abstrac t t 
Background d 

Pretermm and small for gestational age infants are more prone for hypoglycemia than term and 

appropriatee for gestational age infants, which is ascribed to limited gluconeogenic and/or 

glycogenolyticc capacity. 

Aimm of the study 

Too assess whether important neonatal clinical and biochemical variables are associated with glucose 

kineticss in newborn infants in the first postnatal week. 

Methods s 

Glucosee kinetics were measured in 73 newborn infants using stable isotope techniques with [2-
13C]glyceroll and [6,6-2H2]glucose. Backward multiple linear regression analysis was used to study 

thee effects of gestational age, postnatal age, birth weight 5D score, and plasma free fatty acids 

(FFA)) and glucose concentration on endogenous glucose production, gluconeogenesis and 

glycogenosis. . 

Results s 

Gestationall age and FFA showed to be independent predictors for gluconeogenesis (R2= 75%). 

Gestationall and postnatal age were the predictors for glycogenosis (R2= 11%), whereas only FFA 

showedd a significant relationship with glucose production (R2= 16%). 

Conclusions s 

FFAA was the strongest predictor for gluconeogenesis, explaining 71.8% of the variation, which 

suggestss a major role for FFA in the regulation of gluconeogenesis in newborn infants. Gestational 

agee was a weaker, but independent predictor for gluconeogenesis, and probably reflects an additional 

rolee for precursor supply, or maturation or stimulation of the gluconeogenic enzymes. Birth weight 

SDD score did neither influence gluconeogenesis nor glycogenosis. 

Adequatee exogenous lipid supply shortly after birth could be an important treatment modality for 

thee prevention of hypoglycemia in newborn infants of all gestational ages, irrespective of the existence 

off intrauterine growth retardation. 
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Introductio n n 
Inn the prenatal period the human fetus is fully supplied with 'exogenous' nutrients through the 

placenta.. This continuous f low of nutrients makes endogenous fuel production redundant. 

Immediatelyy after birth the continuous supply by the placenta is interrupted, and nutrients are 

deliveredd by enteral or parenteral nutrition, usually intermittently and in limited amounts in the first 

postnatall days. Therefore, after birth the newborn infant becomes dependent on endogenous fuel 

production.. The adaptation to extrauterine life is imperfect, as hypoglycemia is found in a substantial 

amountt of newborn infants, especially in preterm and small for gestational age (SGA) infants12. 

Thiss is ascribed to increased needs because of the relatively large brain3 and insufficient glucose 

productionn due to limited gluconeogenesis46 and glycogenosis7 . 

Too maintain glucose homeostasis both glycogenosis and gluconeogenesis are activated shortly 

afterr bir th8 1 4 , even in very preterm infants. Glycogen reserves built up prenatally are smaller in 

pretermm compared to term infants, and also in SGA compared to appropriate for gestational age 

(AGA)) infants of comparable gestational age7"8-15-16. The smaller glycogen stores in preterm or SGA 

infantss are supposed to be a causative factor in limiting the rate of glycogenosis in these infants. 

Inn addition, the rate of gluconeogenesis could also be impaired in these infants due to limited 

gluconeogenicc precursor supply, or due to restricted enzyme activity4-617. Furthermore, the lower 

freee fatty acid (FFA) concentrations in preterm and SGA infants compared to term AGA infants1820 

couldd result in a lower rate of gluconeogenesis, as FFA oxidation is required to provide ATP for 

gluconeogenesis;; in addition, they can activate gluconeogenesis2123. Therefore, both limitations in 

thee rate of glycogenosis and in the rate of gluconeogenesis could contribute to the higher risk of 

hypoglycemiaa in preterm or SGA infants. However, quantitative data on gluconeogenesis and 

glycogenolysiss in newborn infants are limited because reliable techniques for measurements of 

gluconeogenesiss and glycogenolysis in vivo are relatively new2427. The potential contribution of FFA 

andd the effects of birth weight and gestational age to the rate of glucose production, gluconeogenesis 

andd glycogenolysis have never been explored systematically in a large cohort of newborn infants of 

varyingg gestational age and birth weight. We determined the rate of endogenous glucose production, 

gluconeogenesiss and glycogenolysis using the stable isotope dilution technique combined with 

masss isotopomer distribution analysis (MIDA) in 73 newborn infants of varying gestational ages in 

thee first postnatal week. Plasma glucose and FFA concentrations were measured in addition. We 

hypothesizedd that gluconeogenesis and glycogenolysis would increase with gestational age and 

birthh weight. To correct for differences in birth weight based on gestational age, birth weight was 

expressedd as standard deviation (SD) score. Secondly, we hypothesized that gluconeogenesis would 

increasee with FFA, as they stimulate gluconeogenesis. 
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Method s s 
Patients s 

Dataa were obtained from seventy-three newborn infants who were included in different studies on 

glucosee metabolism using stable isotope techniques (data from nineteen infants were published 

previouslyy in a different form20). The infants were recruited from the Neonatal Intensive Care Unit 

att the Emma Children's Hospital AMC, Amsterdam, and Neonatal High Care Unit at the Hieronymus 

Boschh Hospital, 's-Hertogenbosch, the Netherlands. Infants with a gestational age between 26 and 

422 completed weeks and with a postnatal age between one and eight days were enrolled. Excluded 

were:: infants with severe hypoglycemia and necessity of high rates (> 44 umol.kg 1 .mm1) of glucose 

infusion,, a birth weight > +2.0 SD score for gestational age28, sepsis, severe perinatal asphyxia (5 

minn Apgar score < 7), congenital malformations, severe respiratory distress, need of vasopressor 

support,, and maternal diabetes or glucose intolerance. Written informed consent by the parents 

wass obtained in all cases. The study was approved by the Medical Ethical Committee of the Academic 

Medicall Center in Amsterdam and Hieronymus Bosch Hospital in 's-Hertogenbosch, the Netherlands. 

Studyy design 

Thee study protocol was similar in all studies from six hours prior to the stable isotope infusions until 

threee hours thereafter: enteral and parenteral nutrition were discontinued six hours before the start 

off the stable isotope infusions. At the same time intravenous glucose was administered (unlabeled) 

att a rate of 33 umol.kg 1.min"1 (6 mg.kg"1.mirv1). The fluid intake was kept at the level prescribed by 

thee attending clinician, and was not changed during the study. Infusions were administered through 

ann intravenous (peripheral or central venous) catheter, previously introduced for clinical reasons. 

Bloodd samples were drawn from a second intravenous catheter in the opposite limb or, if present, 

fromm an intraarterial line. 

Afterr obtaining a baseline blood sample for determination of background isotopic abundance and 

plasmaa glucose concentration, a primed (80 umol.kg 1 body weight), continuous (0.9 umol.kg_1 .min-1) 

infusionn of [6,6-2H2]glucose was started on top of the cold glucose infusion, to measure glucose 

production.. [6,6-2H2]glucose (99% enriched, ARC Laboratories BV, Apeldoorn, The Netherlands), 

dissolvedd in sterile isotonic saline and sterilized by passage of the solution through a millipore filter 

(sizee 0.2 um; Minisart, Sartorius AG, Göttingen, Germany) was administered by a calibrated syringe 

pumpp (Perfusor fm, Braun, Melsungen AG, Germany). Simultaneously, a primed (272 umol.kg"1 

bodyy weight), continuous (4.53 umol.kg'1.min'1 (= 2.25 umol (glucose equivalents).kg 1.min 1)) infusion 

off [2-13C]glycerol (99% enriched, ARC Laboratories BV, Apeldoorn, The Netherlands) was started, to 

measuree fractional gluconeogenesis. Exogenous glucose supply was diminished to 22 umol.kg-1.min"1 

(44 mg.kg1 .min1), and three hours later blood samples were collected again for isotopic enrichment, 

FFAA and plasma glucose determination. 
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Inn 31 infants (ten between 26 and 30 weeks, nine between 31 and 36 weeks20, and twelve term 

infants)) three blood samples were collected to assess if isotopic steady state was reached. Steady 

statee was defined as a coefficient of variation < 1 5% in the three blood samples from each of the 31 

infantss individually29. In these 31 infants blood was also collected for assessment of the glucoregulatory 

hormones;; samples for insulin and Cortisol were collected in all infants, samples for glucagon and 

catecholaminess only in infants > 1200 gram because of limitations in blood sampling. Based on the 

resultss of the steady state measurements in the first 31 infants, isotopic steady state was assumed 

inn the other 42 infants, because of limitations in the blood-sampling volume. Blood samples for 

assessmentt of FFA were available in 61 infants (thirty-five between 26 and 30 weeks, fourteen 

betweenn 31 and 36 weeks, and twelve term infants). 

Assays s 

Alll measurements were performed in duplicate, except for the MIDA-samples, and all samples of 

individuall newborns were analyzed in the same run. 

Plasmaa glucose concentration was measured by the glucose oxidase method (Beekman Glucose 

Analyzer,, Beekman Instruments Inc., Mijdrecht, the Netherlands). 

Gass chromatography/mass spectrometry (GC/MS) analyses were performed with a model 5890 

Seriess II gas chromatograph coupled to a Model 5989 A mass spectrometer (Hewlett Packard, Palo 

Alto,, CA, USA). Sample preparation and measurement of [2H] and singly and doubly [13C] labeled 

glucosee using a combination of [6,6-2H2]glucose and [2-13C]glycerol for the MIDA technique have 

beenn described in detail by our group previously30. 

Freee fatty acid levels were determined enzymatically using a NEFAC kit (WAKO Chemicals GMBH, 

Neuss,, Germany). Insulin concentrations were measured using a radio-immuno-assay (Pharmacia 

Diagnosticss AB, Uppsala, Sweden). Glucagon concentrations were also determined with a radio-immuno-

assayy (Linco Research Inc., St. Charles, MO, USA). Cortisol concentrations were measured with enzyme 

immunoo assay on an Immulite analyzer (DPC, LA, CA, USA). Catecholamines were determined with 

HPLCC with fluorescence detection using alpha methyl norepinephrine as internal standard. 

Calculations s 

Precursorr pool enrichment (p) and fractional gluconeogenesis (f) were calculated from the mass 

isotopomerr distribution pattern of unlabeled, singly and doubly labeled glucose derived from [2-
13C]glyceroll as described by Hellerstein and Neese2627. 

Ratee of appearance (Ra) of glucose was calculated by the isotope dilution technique from the [6,6-
2H2]] enrichment of glucose, using calculations for steady state kinetics, adapted for the use of 

stablee isotopes31: Ra = (E( / E ) x I, where E: and E are the [6,6-2H2] enrichments of the infusate and 

plasmaa respectively, and I is the infusion rate of [6,6-2H2]glucose. Absolute rate of gluconeogenesis 

iss calculated as the product of f times glucose Ra. To determine endogenous glucose production 
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rate,, exogenously infused glucose was subtracted from glucose Ra. Glycogenosis was calculated 

byy subtracting the absolute rate of gluconeogenesis from the glucose production rate. 

Birthh weight SD score wass calculated as actual birth weight minus mean birth weight for gestational 

age,, divided by the standard deviation. Mean birth weight and SD were obtained from the 

Kloostermann growth charts25. 

Statistics s 
Multiplee linear regression analysis with a backward selection procedure (P-stay < 0.05) was performed 

withh either the absolute rate of gluconeogenesis, glycogenosis or endogenous glucose production 

ass the dependent variable, and gestational age, postnatal age, birth weight SD score, plasma FFA 

andd plasma glucose concentration as possible predictor variables. For each of the three models, the 

(unstandardized)) residuals were normally distributed (Wilk-Shapiro's W > 0.95) and showed constant 

variance.. P-values < 0.05 were regarded significant. All analyses were carried out using SPSS 11.0 

software. . 

Result s s 
Clinicall data 
Thee basic characteristics of the study group were: gestational age: 31.7  4.0 weeks (mean + SD) 

(rangee 26 6/7, 42 1 / 7 ) , birth weight: 1 555 + 670 g (range 610; 3820). Postnatal age: 4.5  1.5 days 

(rangee 2; 7). Detailed data are shown in table 1 categorized in three gestational age groups. All 

infantss were clinically stable, had normal body temperature, normal acid base status with normal 

oxygenn saturation levels. 

26-300 weeks 31-36 weeks 37-42 weeks 
AGAA SGA AGA SGA AGA SGA 

number r 

gestationall age 
birthh weight 

postnatall age 

35 5 
28.88 +1.1 

12899 +260 
4 .9++ 1.2 

6 6 
29.88 + 0.7* 

8 0 8 ++ 161* 
5 77 + 0.8 

12 2 

32.66 + 1.2 
17411 +277 

4.55 + 1.7 

8 8 

33.22 +2.2 

12588 + 497* 
4.66 + 1.2 

6 6 
39.00 + 1.2 

3 1 5 3 + 4 2 8 8 
2 .7+0 .8 8 

6 6 
39.44 + 2.0 

23222 +432* 

2 .5++ 0.8 

Tablee 1. Clinical characteristics. Data are means + SD. * = p < 0.05, + = p < 0.01 for the difference between AGA 
andd SGA infants 

Steadyy state 

Thee steady state enrichments from 31 infants are shown in table 2. In these infants steady state was 

reached. . 
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timee (mm) -15 5 0 0 -15 5 

[6,6-2H2]glucosee 26-30 weeks (n = 10) 2.79  0.29 
31-366 weeks (n = 9) 2.60 + 0.39 
termm (n = 12) 2.56 + 0.27 

13C,]glucose e 

3CJglucose e 

plasmaa glucose 
concentration n 

26-300 weeks (n = 10) 0.035 + 0.017 
31-366 weeks (n = 9) 0.039 + 0.007 
termm (n = 12) 0.045  0.006 

26-300 weeks (n = 10) 
31-366 weeks (n = 9) 
termm (n = 12) 

26-300 weeks (n = 10) 
31-366 weeks (n = 9) 
termm (n = 12) 

0.0100 + 0.004 

0.0111 3 

0.0122 + 0.002 

3.55 7 
3.33 8 
4.00 + 0.8 

2.866 5 
2.577 1 
2.488 + 0.24 

0.0366 7 
0.0411  0.006 
0.0455 + 0.007 

0.0111 4 
0.0122 2 
0.0133 + 0.001 

3.44 8 
3.44 8 
4.33 + 0.9 

2.899 4 
2.599 6 
2.433 + 0.25 

0.0377 7 
0.0411  0.008 
0.0455 + 0.006 

0.0111 4 
0.0122 + 0.002 
0.0133 + 0.001 

3.55 7 
3.55 9 
4.00 + 0.8 

Tabl ee 2. Steady state enrichments in glucose during infusion of [6,6-2H2]glucose and [2-13C]glycerol and plasma 
glucosee concentration. Data are means  SD. 

dependentt variable independent variable p-value regressionn coefficient R2 

unstandardizedd (SE) standardized (%) 

giuconeogenesis s 

glycogenosis s 

glucosee production 

gestationall age 
FFA A 

gestationall age 
postnatall age 

FFA A 

0.015 5 
<< 0.001 

0.013 3 
0.033 3 

0.001 1 

0.127(0.051) ) 
7.796(1.029) ) 

-0.294(0.115) ) 
-0.6899 (0.316) 

7.430(2.189) ) 

0 2 2 8 8 
0.690 0 

-0.392 2 
-0.334 4 

0.401 1 

74.6 6 

11.1 1 

16.1 1 

Tabl ee 3. Regression models. P-values, standardized and unstandardized regression coefficients of the significant 
predictorr variables and R2 of the final regression models for giuconeogenesis, g lycogenos is and glucose 
productionn rate. 

266 - 30 weeks 
meann + SD n 

3 1 - 3 66 weeks 
meann  SD n 

>> 37 weeks 
meann  SD n 

ANOVA A 

P P 

insulinn (pmol/l) 
glucagonn (ng/i) 

Cortisoll (mmol/l) 

epinephrinee (nmol/l) 
norepinephrinee (nmo l/l) ) 

3 6  10 
988 6 

1 1 

0.388 + 0.21a 

2.588  1.03c 

10 0 
5 5 

10 0 

5 5 
5 5 

333  11 
4 5  10 

2 6 3  197 

0.411  0.20b 

4.455  1.39cd 

9 9 
7 7 

9 9 
6 6 

6 6 

455  34 

622 2 
3377  244 

a ' b b 

2.111  0.89d 

11 1 

11 1 
11 1 

10 0 
11 1 

0.843 3 
0.078 8 

0.691 1 
0.009 9 

0.002 2 

Tabl ee 4. Glucoregulatory hormones. Data are means  SD and number (n) of infants. Corresponding characters 
indicatee significant differences: for a: p = 0.046, for b: p = 0.014, for c: p = 0.026, and for d: p = 0.002. 
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Figur ee 1 . Gluconeogenesis, glycogenolysis and glucose Figur e 2. Gluconeogenesis, glycogenolysis and glucose 

productionn by gestational age (weeks). production by birth weight SD score. 
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Figur ee 3. Gluconeogenesis, glycogenolysis and glucose 
productionn by FFA concentration. 

Glucosee kinetics during intravenous 
glucosee supply of 22 umol.kg"1.min'1 

Gluconeogenesis,, glycogenolysis and glucose 

productionn as a function of gestational age, 

birthh weight SD score and FFA are shown in 

figuree 1-3. 

Backwardd multiple regression analysis wi th 

gluconeogenesis,, glycogenolysis and endogenous 

glucosee production as the dependent variables, 

wass carried out with data from 73 infants. For 

gluconeogenesis,, gestational age and FFA 

showedd to be (independent) predictors. For 

glycogenolysis,, gestational and postnatal age 

remainedd in the regression model, whereas only 

FFAA showed a significant relationship with glucose 

productionn (table 3). 

Glucoregulatoryy hormones 

Thee results of the glucoregulatory hormones, 

determinedd in a subset of infants, are shown in 

tablee 4. 

Discussio n n 
Too prevent hypoglycemia, the newborn infant 

iss dependent on adequate act ivat ion of 

endogenouss glucose product ion. Because 

pretermm and SGA infants are more prone for 

hypoglycemiaa than term and AGA infants, 

gluconeogenicc and/or glycogenolytic capacity 

couldd be limited in these infants. Endogenous 

glucosee product ion, gluconeogenesis and 

glycogenolysiss were measured in 73 newborn 

infantss of varying gestational age and birth 

weightt after a three hour period of glucose 

infusionn at a rate of 22 umo l .kg ' .m in ' . The 

presentt data showed that gluconeogenesis 

increasedd with gestational age and FFA, but was 
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nott influenced by birth weight (expressed as SD score). Glycogenosis, on the other hand, showed 

onlyy a weak and inverse relation with gestational age and postnatal age. Endogenous glucose 

productionn is the sum of gluconeogenesis and glycogenosis. The influences of particularly gestational 

agee and FFA on these variables were different, which is reflected in a flattening of the observed 

influencess on the glucose production rate. The discussion will therefore be focused on gluconeogenesis 

andd glycogenosis. 

FFAA and gestational age seemed equally strong predictors for gluconeogenesis in a univariate analysis: 

adjustedd R2 73.3% (p < 0.001) for gestational age, and adjusted R2 74.6% (p < 0.001) for FFA. In 

addition,, FFA and gestational age amongst themselves were positively correlated (adjusted R2 87.8% 

(pp < 0.001)). However, in the multiple linear regression model FFA proved to be the most important 

predictor.. This is indicated by the standardized regression coefficients (table 3); a change in FFA 

leadss to a larger change in gluconeogenesis than a change in gestational age. Second, a model with 

FFAA as the only predictor explained 71.8% of the variation in gluconeogenesis, adding gestational 

agee to the model resulted in an additional explanation of the variation of only 2.8%. This suggests 

thatt the positive correlation between gestational age and gluconeogenesis is mediated by FFA. 

Ourr study confirms the important role of FFA in the regulation of gluconeogenesis, which is well-

knownn in adults, but less well described in newborn infants. In healthy adults changes in FFA induce 

aa change in gluconeogenesis in the same direct ion21233234 . In adults with type 2 diabetes mellitus, 

aa condition characterized by hyperglycemia, high FFA concentrations, and increased gluconeogenesis, 

aa similar influence of FFA on gluconeogenesis was described23-35. The preterm infants in our study 

appearr to be the opposite study model of patients with type 2 diabetes; exhibiting low FFA 

concentrations,, low gluconeogenesis and an increased risk for hypoglycemia. Despite the opposite 

characteristicss in type 2 diabetics and preterm infants, gluconeogenesis increased with increasing 

FFAA in both groups. A regression analysis can only evaluate whether two or more parameters are 

relatedd or not, but does not reveal information about the nature of the relation. Support for a 

causall relationship between FFA and gluconeogenesis in preterm infants is provided by the finding 

thatt gluconeogenesis increased during infusion of an intravenous lipid emulsion3637. The present 

dataa add to the literature that the positive correlation between FFA and gluconeogenesis is very 

consistent:: both for very different study populations and for the whole range of FFA concentrations, 

fromm 'physiologically' low in preterm infants to the high FFA concentrations in type 2 diabetes mellitus. 

Thee mechanisms by which FFA exert their effect on gluconeogenesis are not completely clarified. 

Hepaticc FFA oxidation provides an important contribution to gluconeogenesis because this results in 

thee production of NADH, acetyl-CoA and ATP. These products contribute to stimulation of 

gluconeogenesis:: NADH produces reducing equivalents for gluconeogenesis, acetyl-CoA activates 

pyruvatee carboxylase and increases citrate concentrations (which inhibit phosphofructokinase, thereby 

inhibitingg glycolysis), and ATP provides energy for gluconeogenesis38 39. A second mechanism by which 

FFAA stimulate gluconeogenesis could be by provoking insulin resistance. Insulin suppresses several 
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enzymess involved in gluconeogenesis40. In a situation of insulin resistance, the inhibiting effect on 

thesee enzymes is reduced and gluconeogenesis will persist. The rate-limiting site of this effect appears 

too be at the level of the interconversion between glucose 6-phosphate and glucose41. Finally, FFA 

elevationn can also directly affect gene expression and protein levels of the gluconeogenic enzymes 

pyruvatee carboxylase, phosphoenolpyruvate carboxykmase and glucose 6-phosphatase42jï4. 

FFAA and gestational age were independent predictors for gluconeogenesis. This implicates that, 

apartt from FFA, other factors associated with gestational age must be involved. Gluconeogenesis 

dependss on a sufficient amount of precursors, adequate hormonal regulation and enzyme activity. 

Thee main gluconeogenic precursors are lactate, amino acids and glycerol. In preterm infants 

insufficientt availability of glycerol, but not of amino acids, could be an explanation for the observed 

lowerr gluconeogenesis in these infants. Lack of amino acids is not a likely explanation, because 

studiess in preterm infants showed that administrat ion of amino acids did not increase 

gluconeogenesis36-45.. Glycerol administration on the other hand has been shown to increase 

gluconeogenesis,, although to a limited extent46. Lactate is an important gluconeogenic precursor, 

butt administration of lactate in amounts sufficient to stimulate gluconeogenesis has not been studied 

inn preterm infants. Impaired hormonal regulation could be another explanation for the limited rate 

off gluconeogenesis in preterm infants. Gluconeogenesis is stimulated by glucagon, Cortisol and 

catecholamines,, and is inhibited by insulin. These hormones could only be determined in a subset of 

infants,, because of limited blood-sampling volume. Only the catecholamines showed differences 

betweenn the gestational age groups. Epinephrine concentrations were lower in term infants, whereas 

norepinephrinee concentrations were highest in the intermediate group. Because both epinephrine 

andd norepinephrine stimulate gluconeogenesis, the observed differences in these different age 

groupss are not consistent with the increase of gluconeogenesis with increasing gestational age. The 

thirdd explanation for a lower rate of gluconeogenesis in preterm infants is the lower activity of the 

gluconeogenicc enzymes glucose 6-phosphatase, fructose 1,6-biphosphatase, pyruvate carboxylase 

andd phosphoenolpyruvate carboxykmase174748. As pointed out before, these enzymes are induced 

byy FFA. Combined with the possible lack of the gluconeogenic precursor glycerol, this underscores 

thee importance of adequate regulation of lipid metabolism to maintain glucose homeostasis. In 

conclusion,, lack of the gluconeogenic precursor glycerol and lower activity of several gluconeogenic 

enzymess could be the factors responsible for the positive correlation between gluconeogenesis and 

gestationall age. 

Glycogenosiss was inversely correlated with gestational age and postnatal age, implicating that 

glycogenosiss was lower in older infants. Although the model was statistically significant, the R2 of 

111 % indicates that only a small part of the variation in glycogenosis can be explained by variation 

inn gestational and postnatal age. Therefore, other (unknown) factors have to play a role in determining 

thee glycogenosis rate as well. 

FFAA concentration was not a predictor for glycogenolysis in preterm infants. This is different from 
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healthyy adults in whom an increase in FFA by lipid infusion resulted in a decline in glycogenosis; 

inversely,, a decline in FFA by acipimox induced an increase in glycogenosis21 '23 '32"34. The underlying 

mechanismss that are responsible for the effect of FFA on glycogenosis are less clear than for 

gluconeogenesis.. Both direct and indirect mechanisms could be involved. Indirect mechanisms 

mediatingg the FFA effects on glycogenosis are thought to be hepatic autoregulation and hormonal 

changes23 '32—49 '50.. Changes in FFA concentrations induce changes in the plasma glucose and 

insulinn concentrat ions, and both have been shown to affect g l y c o g e n o s i s more than 

gluconeogenesis5152.. FFA oxidation competes with glucose breakdown in the glycolysis pathway 

andd increases glucose 6-phosphate, an allostenc activator of glycogen synthesis and an inhibitor of 

glycogenn breakdown53 54. Another possibility is that FFA exert a direct effect on glycogenolysis, but 

att present such mechanisms are unknown'*1. 

Surprisingly,, birth weight SD score was not a predictor for gluconeogenesis, glycogenolysis or 

endogenouss glucose production. The assumption that diminished glucose production contributes 

too the increased risk of hypoglycemia in small for gestational age infants is therefore not supported. 

Increasedd glucose utilization, e.g. by the relatively large brain, probably plays a more important role 

inn this respect3. 

Thee plasma glucose concentration was not a predictor for gluconeogenesis, glycogenolysis or glucose 

productionn rate. The glucose concentration was entered in the multiple linear regression analysis, 

becausee it is a well-known regulator of glucose production in adults. This process of hepatic 

autoregulationn involves a direct reaction from the liver to changes in the plasma glucose concentration 

withh reciprocal changes in hepatic glucose output, independent of hormonal or neural control55. 

Basedd on the absence of a relation between the plasma glucose concentrations and glucose 

productionn in newborn infants the process of hepatic autoregulation seems less developed. 

Glucosee kinetics were measured at a single time point and during intravenous glucose at a rate of 

-222 umol.kg'Vmin"' for three hours. This precludes conclusions about the capacity of newborn 

infantss to adapt glucose production to changes in demand, or to maintain the glucose production 

ratee over a prolonged time period. The rate of glucose infusion could have influenced our results. 

Highh glucose infusion rates relative to glucose demands could suppress glucose production56 and 

obscuree possible differences in basal glucose production capacity between newborn infants of 

differentt gestational age or birth weight. The infusion rate we chose delivers -23 kcal.kg'Tday"1, and 

coverss only a proportion of the daily energy and glucose needs of newborn infants, estimated at 100 

kcal.kgTday11 and 33 umol.kg'Tmin-1 for term infants, and 120 kcal.kg Tday1 and 44 umol.kgTmin_1 

forr preterm infants, respectively57"58. It was therefore unlikely that the chosen glucose infusion rate 

wouldd completely suppress endogenous production, and this was confirmed by our results (figure 1). 

Thee stable isotope method we used is one of the two currently available techniques to measure 

gluconeogenesiss directly. The other one is the 2H20 technique as developed by Landau ef a/24. 

Althoughh both techniques yield slightly different results, they are highly reproducible and internally 
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consistent30.. We chose the MIDA technique, because the 2H20 technique requires relatively large-

volumee blood samples and is therefore not feasible in small infants. 

Inn conclusion: we showed that, after a three hour period of glucose infusion at a rate of 22 

umol.kg'1 .mirr\\ gluconeogenesis increases with gestational age and FFA. FFA was the strongest 

predictor,, explaining 71.8% of the variation, which suggests a major role for FFA in the regulation 

off gluconeogenesis in newborn infants. The effect of gestational age on gluconeogenesis was 

independentt from the effect of FFA, and probably reflects an additional role for precursor supply, or 

maturationn or stimulation of the gluconeogenic enzymes wi th advancing gestational age. 

Glycogenolysis,, on the other hand, showed a weak and inverse relation with gestational age, suggesting 

thatt prenatal differences in liver glycogen stores are leveled off after the first postnatal day. Birth 

weightt SD score did not influence gluconeogenesis or glycogenolysis, indicating that the increased risk 

forr hypoglycemia in small for gestational age infants is not explained by lower glucose production. 

Thesee findings urge for further research involving nutrition protocols especially in preterm infants 

andd infants with hypoglycemia. With the current practice, preterm infants usually receive limited 

amountss of energy, predominantly as glucose, and very small amounts of lipids in the first days 

afterr birth. Future research should focus on the effect of early introduction and more rapid 

advancementt of intravenous lipids on glucose and lipid metabolism in newborn infants, especially in 

pretermm and hypoglycemic infants. 
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Abstrac t t 
Background d 

Loww plasma glucose concentrations are more often detected in small for gestational age (5GA) 

thann in appropriate for gestational age (AGA) infants. This is ascribed to impaired endogenous 

glucosee production due to presumed lower liver glycogen stores in SGA infants. Glucagon stimulates 

glucosee production by releasing glucose from glycogen. The change in glucose production induced 

byy glucagon is considered to be an indicator of liver glycogen content. 

Aimm of the study 

Too compare in preterm AGA and SGA infants the effect of a bolus glucagon on glucose kinetics. 

Studyy design 

Inn 5 AGA and 5 SGA infants {< 32 weeks, postnatal age: 3-6 days) glucose production (GPR) and 

gluconeogenesiss were measured with stable isotope techniques immediately before and every 15 

mmm for one hour after a glucagon bolus. 

Results s 

Afterr glucagon administration plasma glucose concentration and GPR increased significantly over 

timee (glucose concentration: p = 0.028; GPR: p < 0.0001, respectively). The changes were comparable 

betweenn AGA and SGA infants. The area under the curve above basal for GPR, gluconeogenesis 

andd glycogenosis was also comparable between AGA and SGA infants. Glycogenosis contributed 

75-80%% to the increase in glucose production. 

Conclusion n 

Thee increase in glucose production after glucagon was similar in preterm AGA and SGA infants, and 

mainlyy due to an increase in glycogenosis. Based on the assumption that glycogenosis is an 

indicatorr of liver glycogen content, our data do not support the hypothesis that liver glycogen 

contentt is lower in preterm SGA compared to AGA infants after the first postnatal day. 
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Introductio n n 
Loww plasma glucose concentrations are frequently observed in preterm infants, more often in small 

forr gestational age (SGA) than in appropriate for gestational age (AGA) infants. Infants who are 

bothh premature and SGA have the highest risk of developing hypoglycemia12. Explanations for the 

increasedd risk in SGA infants are their presumed lower liver glycogen stores and increased demands 

byy their relatively large brain35. 

DataData on glycogen stores in newborn infants are derived from postmortem studies. Liver glycogen is 

presentt in quantifiable amounts from thirteen weeks gestational age on, and increases markedly between 

244 and 36 weeks of pregnancy367. Preterm infants therefore have lower liver glycogen content than 

termm infants. Postmortem studies also showed that liver glycogen content is lower in SGA than in AGA 

infantss of comparable gestational age3'6. This is in agreement with animal studies^13. After birth the liver 

glycogenn content rapidly falls to less than 10% of that at birth in near-term infants; in preterm infants 

liverr glycogen is almost completely disappeared within twelve hours after birth14. These data are consistent 

withh the hypothesis that low liver glycogen content is a contributing factor to the higher risk of hypoglycemia 

inn preterm and SGA infants, at least on the first day after birth. 

Whatt happens to the liver glycogen content after the first postnatal day is more complicated to 

studyy in human newborns. The available data in human newborns are again derived from postmortem 

studies.. An obvious limitation of these studies is that the findings may be related to the clinical course 

andd cause of death, rather than factors like gestational age or birth weight. However, the data in 

humann newborns and data from animal studies indicate that the liver glycogen content remains low 

forr several days and gradually increases towards the adult level after two to three weeks615-20. To our 

knowledge,, there are no studies comparing the increase in liver glycogen content in the first postnatal 

weekss in human AGA versus SGA newborns, or preterm versus term infants. In growth retarded 

newbornn guinea-pigs the decline in liver glycogen content was comparable to the normal littermates 

inn the first ten hours after birth, but significantly lower between the second and fifth postnatal day21. 

Thiss supports the hypothesis that lower liver glycogen also plays a significant role in the pathogenesis 

off hypoglycemia after the first postnatal day in SGA newborns. Another factor influencing the liver 

glycogenn content is the feeding regimen2224. The current practice with rapid commencement of 

(par)enterall nutrition in preterm infants may result in less glycogen breakdown or a more rapid increase 

inn liver glycogen content, compared to clinical practice in old times. This may attenuate possible 

differencess in liver glycogen content after the first postnatal day. Whether differences in liver glycogen 

contentt still exist after the first postnatal day between AGA and SGA infants and contribute to the 

increasedd risk of hypoglycemia in SGA infants is therefore still unknown. 

Thee only non-invasive method to measure liver glycogen content directly in vivo is nuclear magnetic 

resonancee imaging combined with stable isotopes (13C-NMR)25. Data in preterm infants are lacking 

becausee 13C-NMR studies for research purposes are not really feasible in these infants, due to many 

practicall problems. In clinical practice the response of the plasma glucose concentration to a bolus 
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glucagonn is frequently used in the diagnostic work-up of glycogen storage disease to test the ability 

too release glucose from glycogen stores, but the plasma glucose concentration is not necessarily a 

goodd parameter for changes in glucose production26. More detailed insight in glucose kinetics can 

bee obtained by combining the glucagon test with stable isotope studies26. 

Thee aim of our study was to estimate differences in liver glycogen content between preterm AGA 

andd SGA infants between the first and seventh postnatal day by measuring the change in glucose 

productionn in response to a bolus glucagon. We hypothesized that the increase in glucose production 

inn response to glucagon is lower in preterm SGA infants compared to AGA infants because of 

smallerr glycogen stores. 

Method s s 
Patients s 

Pretermm infants were recruited from the Neonatal Intensive Care Unit at the Emma Children's Hospital 

AMC,, Amsterdam. Preterm infants with a gestational age of 32 completed weeks or less were 

eligiblee for the study. We included only preterm, but otherwise healthy, infants with a postnatal age 

betweenn one and eight days, because the incidence of low plasma glucose concentration is the 

highestt in the first postnatal days. Infants with a birth weight between the 10 lh and 90 th percentile 

forr gestational age were classified as AGA. Infants with a birth weight below the 10th percentile 

weree classified as SGA27. Exclusion criteria were: hypoglycemia (for ethical considerations), sepsis, 

severee perinatal asphyxia (5 min Apgar score < 7), congenital malformations, severe respiratory 

distress,, need of vasopressor support, maternal diabetes or glucose intolerance. Written informed 

consentt by the parents was obtained in all cases. This study was approved by the Medical Ethical 

Committeee of the Academic Medical Center in Amsterdam. 

Studyy design (figure 1) 

Tenn infants (5 AGA and 5 SGA) were included in the study. Infusions were administered through a 

centrall venous catheter, previously introduced for clinical reasons. Blood samples were drawn from 

aa second intravenous catheter in the opposite limb (1 AGA infant) or, if present, from an intra

arteriall line (9 infants). 

Enterall and parenteral nutrition were discontinued six hours before the start of the stable isotope 

infusionn and replaced by intravenous glucose supply (unlabeled) at a rate of 33 umol.kg'1.min~1 (6 

mg.kg_l.min'1).. After obtaining a baseline blood sample for determination of background isotopic 

abundancee and the glucose concentration, a primed (80 umol.kg'1 body weight), continuous (0.9 

umol.kg"1.min"1)) infusion of [6,6-2H2]glucose (99% enriched, ARC Laboratories BV, Apeldoorn, The 

Netherlands),, was started to measure glucose production. [6,6-2H2]glucose, dissolved in sterile isotonic 

salinee and sterilized by passage of the solution through a millipore filter (size 0.2 urn; Minisart, 

Sartonuss AG, Göttingen, Germany), was administered by a calibrated syringe pump (Perfusor fm, 
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glucagon n 

[6,6-;HH j glucose infusion 

[2-3C]] glycerol infusion 

333 22 

exogenouss glucose infusion (umol.kg .min ) 

-100 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 »1 time (hrs) 

tt t 1 tilt bloodsamples Figur e 1. Study Design. 

Braun,, Melsungen AG, Germany). Simultaneously, a primed (272 (imol.kg"1 body weight), continuous 

(4.533 u,mol.kg"1.min"1) infusion of [2-13C]glycerol (99% enriched, ARC Laboratories BV, Apeldoorn, 

Thee Netherlands) was started to measure fractional gluconeogenesis using mass isotopomer 

distributionn analysis (MIDA). [2-13C]glycerol was chosen because glycerol enters the gluconeogenic 

pathwayy immediately before the triose phosphate pool, the true precursor pool that must be enriched. 

Otherr gluconeogenic precursors like alanine may be lost in other metabolic pathways before they 

enterr this pool28. Simultaneously with the start of the isotope infusions, the rate of exogenous 

glucosee infusion (unlabeled) was diminished to 22 umol.kg^.min"1 (4 mg.kg"1.min"1) and maintained 

att this rate until the end of the study. Exogenous glucose was administered to maintain euglycemia. In 

ourr unit the rate of 22 u.mol.kg'1.min"1 is considered to be the lower limit of the required exogenous 

glucosee supply in preterm infants. After 9 hours of glucose infusion at a rate of 22 u,mol.kg~1.min~1, a 

boluss glucagon was administered (0.1 mg.kg'1). The duration of nine hours of glucose infusion at a 

ratee of 22 u.mol.kg^.min'1 was chosen to avoid replenishment of glycogen stores, as this could level off 

possiblee differences between the groups. This glucose infusion rate delivers only 23 kcal.kg"1.day1, or 

- 20%% of the daily energy needs of preterm infants. In addition, in the six hours preceding the study, 

glucosee was infused at a rate of 33 u,mol.kg"1.min1, covering - 3 5 % of the daily energy needs29. We 

considerr replenishment of liver glycogen stores unlikely with this regime, although there are no studies 

inn the literature to confirm this. 

Bloodd samples for the measurement of isotopic enrichment and plasma glucose concentration were 

takenn three hours (t = -3 hr), and immediately before glucagon administration (t = 0 hr) and thereafter 

everyy 15 minutes for one hour (until t = +1 hr). In infants > 1000 gram the plasma glucagon 

concentrationss were measured immediately before glucagon administration. 

Assays s 

Alll measurements were performed in duplicate, except for the MIDA-samples, and all samples of 

individuall newborns were analyzed in the same run. 

Gass chromatography/mass spectrometry (GC/MS) analyses were performed with a model 5890 

Seriess II gas chromatograph coupled to a Model 5989 A mass spectrometer (Hewlett Packard, Palo 

Ü Ü 
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Alto,, CA, USA). We described the sample preparation for the MIDA technique using a combination 

off [2-13C]glycerol and [6,6-2H2]glucose in detail previously30. 

Plasmaa glucose concentration was measured by the glucose oxidase method (Beekman Glucose 

Analyzer,, Beekman Instruments Inc., Mijdrecht, the Netherlands). Plasma glucagon concentrations 

weree determined with radio-immuno-assay (Lmco Research Inc., St. Charles, MO, USA). 

Calculations s 
Ratee of appearance (Ra) of plasma glucose during steady state was calculated by the isotope 

dilutionn technique from the [6,6-2H2] enrichment of glucose, using calculations for steady state 

kinetics,, adapted for the use of stable isotopes3': Ra = ( E / E ) x I, where E and Ep are the [6,6-2H2] 

enrichmentss of infusate and plasma respectively, and I is the infusion rate of [6,6-2H2]glucose. 

Steadyy state was defined as a coefficient of variation of <1 5% 32. 

Afterr glucagon administration Ra was calculated using calculations for non-steady state kinetics: 

F - p V * [ ( C 22 + C l ) / 2 ] * [ ( E 2 - E 1 ) / ( t 2 - t l ) ] 

Raa = 

(E22 + E 1 ) / 2 

where:: F = [6,6-?H2]glucose infusion rate (in u,mol.kg"1.min '), E = percent of glucose molecules 

enrichedd with 2H (in absolute values), C = = plasma glucose concentration (in mmol/l), t = time at the 

samplingg points (in min), and pV = effective distribution volume of glucose, assumed to be 350 

ml.kg11 in preterm infants32. To calculate endogenous glucose production rate (GPR), exogenously 

infusedd glucose was subtracted from glucose Ra. 

Precursorr pool enrichment (p) (inter-assay variation: 9%) and fractional gluconeogenesis (f) (inter-

assayy variation: 6.8%) were calculated from the mass isotopomer distribution pattern of unlabeled, 

singlyy and doubly labeled glucose derived from [2-13C]glycerol as described by Hellerstein and 

Neese28'33.. The absolute rate of gluconeogenesis is calculated as the product of f multiplied by 

glucosee Ra. GPR was calculated by subtracting the exogenous glucose infusion from Ra. Glycogenosis 

wass calculated by subtracting the absolute rate of gluconeogenesis from GPR. 

Statistics s 
Too investigate the differences in glucose kinetics in response to glucagon between the AGA and 

SGAA infants, measurements f rom t = 0 onward were compared wi th analysis of repeated 

measurementss entering the value at t = 0 as covariate in a mixed linear model (proc mixed of SAS 

8.02,, SAS Institute Inc., Cary, NC, USA). Paired data were analyzed by the paired samples f-test, 

unpairedd data by the t-test for independent samples. Data are reported as means and range, unless 

otherwisee stated. Statistical significance was set at p < 0.05. 
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Result s s 
Clinicall data 

Clinicall characteristics are shown in table 1. All infants were clinically stable, had normal body 

temperature,, normal acid base status, normal oxygen saturation and carbondioxide concentrations. 

FourFour infants needed respiratory support by means of nasal CPAP (3 AGA and 1 SGA). These infants 

receivedd antibiotics, but none had positive blood cultures or clinical signs of infection. Most mothers 

weree treated with antenatal steroids (5 in the AGA and 4 in the SGA group). Only one (SGA) infant 

wass treated with caffeine for apnea of prematurity. 

AGA A SGA A 

Gestationall age (weeks) 
Birthh weight (g) 
Postnatall age (days) 
Femalee : male (n) 

30.2(288 5 /7 -31 4/7) 
1578(1085-- 1965) 

4 ( 3 - 5 ) ) 
22 :3 

30.7(288 4 / 7 - 3 1 6/7) 
910(630-- 1070)* 

55 (4 - 6) 
33 : 2 

Tablee 1. Clinical characteristics. Data are expressed as means and range. * p = 0.006. 

Steadyy state 
Dataa are shown in table 2. Steady state was reached between t -33 and t = 0 hr. 

time e -33 hr Ohr r 

[6,6-2H2]glucose e 

[13C?]glucose e 

[13C2]glucose e 

AGA A 
SGA A 
AGA A 
SGA A 
AGA A 
SGA A 

plasmaa glucose concentration AGA 
SGA A 

2.844 1 
2.477 1 

0.03977  0.0093 
0.02699  0.0096 
0.011 24 8 
0.00855 5 

3.77 8 
3.99 6 

7 7 
2.600 4 

0.04066 9 
0.02533  0.0088 
0.01266 + 0.0040 
0.00800 + 0.0040 

3.88 5 
8 8 

Tablee 2. Isotopic enrichments and plasma glucose concentration before glucagon administration. Data are expressed 
ass means  SD 

Basall glucose kinetics before glucagon administration 

Immediatelyy before glucagon administration (t = 0 hr), the plasma glucose concentration and 

endogenouss glucose production were comparable in AGA and SGA infants (table 3). Both absolute 

andd fractional gluconeogenesis were higher in AGA infants (p = 0.050 and 0.019 respectively). The 

meann plasma glucagon concentration at t = 0 was 87 (45; 145) ng/L in AGA (n = 5) and 78 (61 ; 

106)) ng/L in SGA infants (n = 3) (NS between groups). 
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AGA A SGA A 

GPR(nmol.kg-1.min'1) ) 
Gluconeogenesiss (u.mol. kg"1, min1) 
Gluconeogenesiss (%) 
Glycogenolysiss (u.mol.kg~1.min"1) 
Plasmaa glucose (u.mol/1) 

9.77 (6.0 
5.77 (4.4 
600 (42 ; 
4.00 (1.6 
3.88 (3.1 

11.5) ) 
7.9) ) 

81) ) 
6.7) ) 
4.4) ) 

11.33 (6.9; 14.8) 
3.88 (2.7 ;4.9) 
355 (22 ;42) 
7.55 (4.1 ; 11.4) 
3.66 (2.3; 4.4) 

0.372 2 
0.050 0 
0.019 9 
0.068 8 
0.600 0 

Tablee 3. Basal glucose kinetics before glucagon administration.Data are expressed as means and range. 

55 10 15 20 25 30 35 40 45 50 55 50 65 
timee (mm) 

100 15 20 25 30 3b 40 
timee (min) 

455 50 55 60 65 

Figur ee 2. Response of endogenous glucose production 
too glucagon. Individual data and means are shown. AGA 
infantss are represented by closed symbols (mean: black 
line),, SGA infants are represented by open symbols 
(mean:: dashed). Glucose production increased 
comparablyy in AGA and SGA infants: p < 0.0001 for 
thee change over time, p = 0.828 for difference between 
thee groups. 

Figur ee 3. Response of plasma glucose concentration to 
glucagon.. Individual data and means are shown. AGA 
infantss are represented by closed symbols (mean: black 
line),, SGA infants are represented by open symbols 
(mean:: dashed). Plasma glucose concentration increased 
comparablyy in AGA and SGA infants: p = 0.028 for the 
changee over time, p = 0.303 for the difference between 
thee groups. 

Glucosee kinetics in response to glucagon 

Inn response to glucagon administration glucose production increased comparably in AGA and SGA 

infants:: p < 0.001 for the change over time, p = 0.828 for the difference between groups (figure 2). 

Thee area's under the curve above basal for the rate of glucose production, absolute gluconeogenesis 

andd glycogenolysis are shown in table 4. There were no statistically significant differences between 

pretermm AGA and SGA infants. 

AGA A SGA A 

GPR^mol.kg1) ) 
Gluconeogenesiss (^moLkg"1) 
Glycogenolysiss (u.mol.kg1) 

11044 (753; 1739) 
2266 (141 ; 313) 
8788 (539 ; 1425) 

11877 (826; 1766) 
2511 (217 ; 315) 
9366 (567 ; 1451) 

0.753 3 
0.460 0 
0.813 3 

Tablee 4. Area under the curve above basal in the first hour after glucagon. Data are expressed as means and 
range. . 
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Inn response to glucagon administration the plasma glucose concentration increased comparably in 

AGAA and SGA infants: p = 0.028 for the change over time, p = 0.303 for the difference between 

groupss (figure 3). 

Discussio n n 
Thee present data show that the increase in glucose production in response to glucagon is comparable 

inn preterm AGA and SGA infants between the third and seventh postnatal day. 

Severall studies reported the effect of glucagon on the plasma glucose concentration in newborn 

infants34"41.. Preterm infants showed an attenuated increase in plasma glucose concentration 

comparedd to older children and adults3740"42. Only two studies compared SGA with AGA infants, 

showingg a similar increase in the plasma glucose concentration in response to glucagon35 '41. The 

presentt data are in agreement with these studies. However, data by our group have also shown 

thatt the changes in the plasma glucose concentration are not necessarily indicative of comparable 

changess in glycogenosis25 . Theories on glycogen stores and kinetics therefore have to be based on 

moree direct measurements. These studies are scarce. The increase in glucose production in response 

too glucagon in newborn infants was reported in two earlier studies4445. However, the infants in 

thosee studies were > 34 weeks gestational age and suffered from hypoglycemia. Both included 

AGAA and SGA infants, but the results were not analyzed by birth weight. Our study is the first to 

describee the effect of glucagon on glucose production in preterm AGA versus SGA infants < 32 

weekss gestational age. 

Thee increase in glucose production could be caused by an increase in g l ycogenos i s or 

gluconeogenesiss or both, because glucagon stimulates both pathways. The increase in glycogenosis 

occurss rapidly after a rise in the plasma glucagon concentration, whereas the stimulation of 

gluconeogenesiss is delayed4648 . We therefore expected that the increase in glucose production 

wouldd be mainly caused by an increase in glycogenolysis. This is confirmed by the data on 

gluconeogenesiss and glycogenolysis. The increase in glycogenolysis contributed 75-80% to the increase 

inn glucose production, indicating that glucagon stimulated mainly glycogenolysis. Secondly, the 

increasee in both glycogenolysis and gluconeogenesis expressed as the area under the curve was 

comparablee in AGA and SGA infants. The absence of a difference in the increase in glucose production 

betweenn the groups was therefore not due to an increase in glycogenolysis in one group and an 

increasee in gluconeogenesis in the other group. 

Glucosee production rather than glycogenolysis was chosen as the primary outcome, because the 

latterr could be underestimated with the MIDA technique, especially after glucagon administration. 

Thee MIDA technique measures gluconeogenesis derived from both the direct and indirect pathway 

(figuree 4). The direct pathway comprises glucose formed via gluconeogenesis which is directly secreted 

intoo the circulation. Glucose from the indirect gluconeogenic pathway first enters the glycogen 

pool,, and is subsequently released into the circulation via glycogen breakdown. Using the MIDA 
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Figur ee 4. Direct and indirect pathway 
off gluconeogenesis. 

techniquee this pathway is accounted for as gluconeogenesis, thereby underestimating glycogenosis. 

Duringg isotope infusion, part of the indirect gluconeogenic flux is labeled with [2-'3C]glycerol. Glucagon 

causess an immediate increase in glycogenosis. Because the last deposited glycogen is released 

first49"51,, the amount of [13C] labeled glucose derived from indirect gluconeogenesis contributes to 

ann unknown amount to the measured fractional gluconeogenesis. The degree of underestimation 

off g lycogenosis is therefore unknown, and our glycogenolysis data reflect a minimum rate. 

Apartt from the qualitative increase in glucose kinetics, the quantitative aspects must be taken into 

account.. The amount of glucose released in response to glucagon administration (mean 1187 

(imol.kgg 1 in SGA and 1104 umol.kg ! in AGA infants) would be sufficient to supply glucose for only 

255 minutes, assuming a glucose utilization rate of approximately 44 u.mol.kg"1.min"1 52. In adults a 

boluss glucagon resulted in a glucose release of approximately 1700 u.mol.kg"1, sufficient for 150 

minn at a utilization rate of ~11 umol.kg"1.min"1 53. Liver weight in preterm infants is approximately 

5%% of body weight, compared to 2.5% in adults54. Therefore, the amount of glucose released per 

liverr mass unit in the preterm infants in our study was only about one third of the amount released 

byy healthy adults. The limitations in the release of glucose from glycogen in preterm infants are also 

confirmedd by the increase in glucose production in the first fifteen minutes after glucagon: in the 

pretermm infants glucose production increased 4.5-fold, compared to a 9-fold increase in healthy 

adults53.. Therefore, the amount of glucose released in response to a bolus glucagon is low in 

pretermm infants in comparison with adults, especially in the perspective of their higher glucose 

needs. . 

Thee response of glucose production to glucagon in the preterm infants could have been influenced 

byy several factors. First, the glucose intake prior to the study could lead to differences in replenishment 

off glycogen stores between the AGA and SGA infants. This was not likely in our study; the glucose 

intakee was comparable in both groups: -38 umol.kg"1.min"1 in AGA infants and -42 u.mol.kg1.min" 
11 in the SGA group. In addition, in the fifteen hours preceding glucagon administration the glucose 

infusionn rate was equalized in all infants. Replenishment of liver glycogen was therefore not favored 

inn the SGA compared to AGA infants. Second, differences could exist between AGA and SGA 
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infantss in the hormonal response to glucagon administration. Glucagon induces a counterregulatory 

response,, most likely caused by changes in the plasma glucose concentration55. The most important 

counterregulatoryy reaction is stimulation of insulin secretion, which could result in suppression of 

glucosee production. Due to limitations in the blood sampling volume, we could not measure insulin 

concentrationss during the study. Because the change in the plasma glucose concentration was 

comparablee in AGA and SGA infants, the effect on insulin secretion was probably comparable as 

well.. Therefore, it is unlikely that this influenced our conclusions. Third, the glucagon dosage could 

affectt the response of glucose production. We chose a pharmacological dosage by analogy with the 

clinicallyy used glucagon test. Another option would have been a continuous low dose infusion, but 

itt would take longer to reach the same effect, thereby aggravating the effect of the counterregulatory 

insulinn release48. Fourth, if the contribution of glycogenosis before glucagon administration would 

bee higher in one group, this would negatively influence the liver glycogen content and result in a 

lowerr increase in glycogenosis after glucagon in that group. Fractional glycogenosis was higher 

inn SGA infants before glucagon administration, and their response to glucagon was comparable to 

AGAA infants. These findings do not support our hypothesis that liver glycogen content is lower in 

SGAA infants. Sixth, the response to glucagon could be attenuated by hepatic insensitivity to the 

hormone.. This phenomenon was described in newborn guinea pigs: glucagon administration did 

nott mobilize hepatic glycogen in the first hours after birth, in contrast to the findings at a postnatal 

agee of 48 hours18. Whether hormonal insensitivity still played a role in our infants cannot be deduced 

fromm the present data. Finally, diminished activity of the enzymes involved in glycogenosis could 

resultt in a dampened response to glucagon4 0 4 1 5 5 . We are not aware of studies comparing the 

activityy of glycogenolytic enzymes between AGA and SGA infants. Therefore, we can neither exclude 

norr confirm the possibility of differences in the glycogenolytic enzymes and the effect on our data. 

AA weak part of our study is the lack of direct measurement of glycogen content. Studies on direct 

measurementss of the liver glycogen content in human newborns in vivo are not feasible with the 

currentt techniques. This either requires liver biopsies, which is ethically not acceptable, or [13C] 

nuclearr magnetic resonance studies, a technique with many practical considerations in sick preterm 

infants,, and so far not applied for metabolic research purposes in these infants. Stable isotope 

techniquess are currently the best method to study glucose metabolism in preterm infants in vivo. 

Withh these techniques glucose production and fractional gluconeogenesis can be measured, providing 

absolutee gluconeogenesis and glycogenolysis by calculation. Glycogenosis and the response to 

glucagonn are positively correlated with the glycogen content of the liver25-495761. Based on these 

dataa we consider the combined use of stable isotope techniques with glucagon administration 

currentlyy the only method to study glycogenolysis and, by deduction, estimate the liver glycogen 

contentt in preterm infants, avoiding invasive procedures. 

Ourr results have implications for clinical practice. First, the findings do not support the assumption 

thatt smaller glycogen stores contribute to the increased risk for hypoglycemia in preterm SGA 
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infantss compared tot AGA infants after the first postnatal day. Impaired gluconeogenesis or increased 

demandss due to the relatively large brain, irrespective of birth weight, are more likely explanations. 

Second,, in comparison with adults, we showed that the response of glucose production to a 

pharmacologicall increase in the glucagon concentration was low, in perspective of the high glucose 

demandss in preterm infants. During fasting or interruption of nutrient administration, the initial 

compensatoryy response of the body is glycogenosis, later on followed by gluconeogenesis. The 

impairedd response of glucose production to a pharmacological stimulus in preterm infants underscores 

thee importance of an adequate nutritional regime in these infants, avoiding prolonged fasting 

periodss and sudden interruption of nutrient administration; situations with lower, physiological 

changess in the glucoregulatory hormones This should be accompanied by the administration of a 

liberall amount of nutrients from birth onward to preserve or restore liver glycogen stores, to equip 

thee preterm infant as much as possible in the defense against imminent hypoglycemia. In addition 

too this, strategies for prevention or treatment of hypoglycemia should focus on stimulation of 

gluconeogenesiss rather than glycogenosis in preterm infants, because their glycogenolytic capacity 

iss limited. 

Inn conclusion: the increase in glucose production in response to glucagon is comparable in preterm 

AGAA and SGA infants between the third and seventh postnatal day. The increase in glucose production 

wass mainly due to an increase in glycogenosis. Based on the assumption that glycogenosis is an 

indicatorr of liver glycogen content, our data do not support the hypothesis that liver glycogen 

contentt is lower in SGA than in AGA infants after the first postnatal day. 
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Chapterr 6 

Abstrac t t 
Background d 

Giuconeogenesiss partially depends on sufficient precursor supply, and plasma alanine concentrations 

aree generally low in preterm infants. Stimulation of giuconeogenesis may contribute to the prevention 

off hypoglycemia, an important clinical problem in these infants. 

Aimm of the study 

Too evaluate the effect of extra precursor supply on giuconeogenesis in preterm infants. 

Methods s 

InIn eleven infants, gestational age <32 weeks, glucose production rate (GPR) and giuconeogenesis 

weree measured using the [6,6-2H2]glucose dilution technique and mass isotopomer distribution 

analysiss with [2- ,3C]glycerol, respectively. Unlabeled glucose was administered throughout the study 

periodd at a rate of 22 umol.kg'Vmin'1. Five infants received alanine (1.5 mg.kgVmm1 ) during the 

lastt three hours of the study protocol, six infants served as controls. 

Results s 

InIn the control group the rate of giuconeogenesis and GPR remained constant at 4.0  0.3 

umol.kg"1.min"11 and 8.3  0.6 umol.kg"1.mirr' respectively. In the alanine group plasma alanine 

concentrationss increased from 45  23 to 829 5 umol/l (p = 0.001); giuconeogenesis and GPR did 

nott differ from control: 3.8  0.2 umol.kg Vmin' and 6.4  2.0 umol.kg^.min1, respectively. 

Conclusions s 

Administrationn of the gluconeogenic precursor alanine does not stimulate giuconeogenesis in preterm 

infants,, despite a sharp increase in plasma alanine concentrations. We speculate either a restricted 

capacityy of the enzymes involved in the gluconeogenic pathway or a low secretion rate of 

glucoregulatoryy hormones as causative mechanisms involved in the gluconeogenic pathway in the 

pretermm neonate. 
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Introductio n n 
AA low plasma glucose concentration is a frequently occurring disturbance in glucose metabolism in 

pretermm infants, and may lead to serious short and long-term complications13. The plasma glucose 

concentrationn is the resultant from a balancee between glucose supply and glucose utilization. When 

glucosee supply is insufficient to balance glucose utilization, hypoglycemia will follow. 

Endogenouss glucose production has been measured in many studies in both term and preterm 

infantss under different circumstances4. Data on the contribution of gluconeogenesis to glucose 

productionn are scarce in preterm infants. In the 1970s it was suggested from measurements of 

plasmaa gluconeogenic precursor concentrations and liver enzyme activities that gluconeogenesis 

wass limited in preterm infants59. Later on several stable isotope studies showed that preterm infants 

areare capable of gluconeogenesis, even shortly after birth1013. An important limitation of these studies 

iss that gluconeogenesis was estimated. Until recently reliable techniques for direct measurement of 

gluconeogenesiss in vivo were not available14. Publications on gluconeogenesis in preterm infants 

applyingg these new techniques are therefore still scarce15. 

Gluconeogenesiss depends on sufficient precursor supply, adequate secretion rate of glucoregulatory 

hormoness and activity of the enzymes involved in glucose production and gluconeogenesis. In 

pretermm infants plasma alanine concentrations are low compared to breastfed term infants or 

adults16'18,, raising the question if gluconeogenesis can be stimulated by extra precursor supply. 

Thee objective of the present study was to evaluate the effect of extra precursor supply on 

gluconeogenesiss and endogenous glucose production in preterm infants by infusion of the mam 

gluconeogenicc precursor alanine. 

Method s s 
Patients s 
Pretermm infants were recruited from the Neonatal Intensive Care Unit at the Emma Children's Hospital 

AMC,, Amsterdam. Preterm infants with a gestational age of 32 completed weeks or less were 

eligiblee for the study. We included only infants with a postnatal age between one and eight days, 

becausee the incidence of low plasma glucose concentration is the highest in the first postnatal days. 

Exclusionn criteria were: hypoglycemia (for ethical considerations), birth weight < 10 th or > 90th 

percentilee for gestational age19, sepsis, severe perinatal asphyxia (5 min Apgar score < 7), congenital 

malformations,, severe respiratory distress, need of vasopressor support, maternal diabetes or glucose 

intolerance.. Written informed consent by the parents was obtained in all cases. This study was 

approvedd by the Medical Ethical Committee of the Academic Medical Center in Amsterdam. 

Studyy design 
Elevenn children were included in the study. Five infants received alanine intravenously (1.5 mg.kg"1 .min'1, 

equivalentt to -16.9 umol.kg1.min1) during the last three hours of the study. The control group (six 
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infants)) received only glucose during the study. Assignment to the alanine or the control group was 

att random. Infusions were administered through an intravenous (peripheral or central venous) 

catheter,, previously introduced for clinical reasons. Blood samples were drawn from a second 

intravenouss catheter in the opposite limb or, if present, from an intra-artenal line. 

Enterall and parenteral nutrition were discontinued six hours before the study (t = - 12 hr) and 

replacedd by intravenous glucose supply (unlabeled) at a rate of 33 umol.kg *.min^ (6 mg.kg Vimin'1). 

Afterr obtaining a baseline blood sample at t = - 6 hr (8.00 am) for determination of background 

isotopicc abundance and plasma glucose concentration, a primed (80 umol.kg ! body weight), 

continuouss (0.9 umol.kg^.min1) infusion of [6,6-2H2]glucose (99% enriched, ARC Laboratories BV, 

Apeldoorn,, The Netherlands), was started to measure glucose production. [6,6-2H2]glucose, dissolved 

inn sterile isotonic saline and sterilized by passage of the solution through a millipore filter (size 0.2 

um;; Minisart, Sartorius AG, Göttingen, Germany), was administered by a calibrated syringe pump 

(Perfusorr fm, Braun, Melsungen AG, Germany). Simultaneously, a primed (272 jamol.kg"1 body 

weight),, continuous (4.53 umol.kg^.min1) infusion of [2-,3C]glycerol (99% enriched, ARC Laboratories 

BV,, Apeldoorn, The Netherlands) was started to measure fractional gluconeogenesis using mass 

isotopomerr distribution analysis (MIDA). [2-13C]glycerol was chosen because glycerol enters the 

gluconeogenicc pathway immediately before the triose phosphate pool, the true precursor pool that 

mustt be enriched. Other gluconeogenic precursors like alanine may be lost in other metabolic 

pathwayss before they enter this pool20. Two infants (one in each group) received only [6,6 2H2]glucose. 

Simultaneouslyy with the start of the isotope infusions, the rate of exogenous glucose infusion 

(unlabeled)) was diminished to 22 umol.kg"l.min"1 (4 mg.kg1 .min1) and maintained at this rate until 

thee end of the study (t = + 3 hr). Exogenous glucose was administered to maintain euglycemia. The 

ratee of 22 u.mol.kg 1.mm ' was chosen because in our unit it is considered to be the lower limit of 

thee required exogenous glucose supply in preterm infants. 

Afterr an equilibration period of six hours of stable isotope infusion, blood samples were collected 

everyy hour (t = 0 to + 3 hr) for the measurement of isotopic enrichments and plasma glucose 

concentration.. At t = 0 and t = + 3 hr, blood was also collected for determination of alanine 

concentrations.. Insulin concentrations were measured at t = + 3 hr. 

Assays s 

Alll measurements were performed in duplicate, except for the MIDA-samples, and all samples of 

individuall newborns were analyzed in the same run. 

Gass chromatography/mass spectrometry (GC/MS) analyses were performed with a model 5890 

Seriess II gas chromatograph coupled to a Model 5989 A mass spectrometer (Hewlett Packard, Palo 

Alto,, CA, USA). We described the sample preparation for the MIDA technique using a combination 

off [2-13C]glycerol and [6,6-2H2]glucose in detail previously14. 

Plasmaa glucose concentration was measured by the glucose oxidase method (Beekman Glucose 
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Analyzer,, Beekman Instruments Inc., Mijdrecht, the Netherlands). Alanine concentrations were 

measuredd with an enzymic micromethod21. Insulin concentrations were measured using a radio-

immuno-assayy (Pharmacia Diagnostics AB, Uppsala, Sweden). 

Calculations s 
Ratee of appearance (Ra) of plasma glucose was calculated by the isotope dilution technique from 

thee [6,6-2H2] enrichment of glucose, using calculations for steady state kinetics, adapted for the use 

off stable isotopes22: Ra = (E: / E ) x I, where E: and E are the [6,6-2H2] enrichments of infusate and 

plasmaa respectively, and I is the infusion rate of [6,6-2H2]glucose. To determine endogenous glucose 

productionn rate (GPR), exogenously infused glucose was subtracted from glucose Ra. 

Precursorr pool enrichment (p) (inter-assay variation: 9%) and fractional gluconeogenesis (f) (inter-

assayy variation: 6.8%) were calculated from the mass isotopomer distribution pattern of unlabeled, 

singlyy and doubly labeled glucose derived from [2-13C]glycerol as described by Hellerstein and 

Neese14-20-23.. The absolute rate of gluconeogenesis is calculated as the product of f times glucose Ra. 

Statistics s 
Too investigate the difference in glucose kinetics between the alanine and control group measurements 

fromm t = 1 hr onward were compared with analysis of repeated measurements, using the data at t 

== 0 hr as a co-variate (proc mixed of SAS 6.12, SAS Institute Ine, NC, USA). Paired data were 

analyzedd by the paired f-test. Data are reported as mean + standard error of the mean (SEM), unless 

otherwisee stated. Statistical significance was set at p < 0.05. 

Result s s 
Clinicall data 
Meann gestational age was 28.8  2.0 (SD) weeks in the alanine group and 30.0  1.8 weeks in the 

controll group (NS). Mean birth weight was 1359  459 and 131 5  244 grams respectively (NS). All l 

infantss were appropriate for gestational age. Postnatal age was not significantly different: 5.0  1.4 

dayss in the alanine group and 4.5  1.8 days in the control group. They were clinically stable, had 

normall body temperature, normal acid base status and normal oxygen saturation and carbondioxide 

concentrations.. Two infants in the control group were ventilated with mild ventilatory settings and 

receivedd morphine for sedation, consistent with the routines in our nursery. Most infants received 

antibiotics,, but none had positive blood cultures or clinical signs of infection. In both groups four 

motherss were treated with antenatal steroids. All infants in the alanine group were treated with 

caffeinee for apnea of prematurity, compared to three of the four spontaneously breathing infants in 

thee control group. Parameters of glucose kinetics were not different between infants with and 

withoutt morphine or caffeine therapy. In addition, there were no differences between infants born 

too mothers treated with antenatal steroids and those born to untreated mothers. 
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Glucosee Kinetics 
Bothh plasma glucose concentrations and isotopic enrichments were stable during the study period 

andd approximate steady state - defined by a coefficient of variation of <10% - was reached from 

tt = 0 to t = + 3 h (table 1). 

t imee (hours) 

[6,6-2H2]glucose e 

[13CJglucose e 

[13C2]glucose e 

plasmaa glucose 
concentration n 

alanine e 

control l 
alanine e 
control l 
alanine e 

control l 
alanine e 
control l 

0 0 

2.966 + 0.16 
3.000 0 
3.611 6 

3.400 1 
1.311 6 
1.255 7 
3.77 2 
4.00 4 

1 1 

22 98 1 
2.911 0 

3.777 6 
3.488 9 

1.300 5 
1.300 6 
3.88 2 
4.22 3 

2 2 

3.100 + 0.14 
2.988 0 
3.766 2 
3,522 5 
1.300 7 

1.277 5 
3.55  0.1 
4.22 3 

3 3 

3.155 3 
2.877 5 
33 79 2 

3.544 7 
1.266 3 
1.311 3 

3.44 2 
4.22 2 

Tablee 1. Isotopic enrichments and plasma glucose concentration during the study. Data are means  SEM. 
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Figur ee 1 . Plasma alanine concentrations. Data are means 
 SEM. In the alanine group there was a significant 

increasee from t = 0 to t = 3 hours (p = 0.001). 
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Figur ee 2. Endogenous glucose production rate. Data are 
meanss  SEM. 

Plasmaa alanine concentrations increased during 

alaninee infusion from 45 + 23 to 829 + 1 1 5 

umol/ll (p = 0.001), but remained constant in 

thee control group (53 + 1 2 vs. 5 5 + 1 3 umol/ l , 

NS)) (figure 1). During alanine infusion glucose 

productionn rate and gluconeogenesis did not 

increasee (figures 2 and 3): glucose production 

wass 7.9  1.4 umol.kg^.min"1 at t = 0 hr and 

6.44  2.0 umol.kg^.min"1 at t = + 3 hr (NS), and 

gluconeogenesiss was 4.0  0.1 pmol.kg^.min * 

att t = 0 hr and 3.8  0.8 umol.kg^.mm-1 at t = 

++ 3 hr (NS). In the control group glucose 

product ionn and gluconeogenesis remained 

constantt during the last 3 hours at 8.3  0.6 

umol.kg^.min"11 and 4.0  0.3 umol.kg"1.mim1, 

respectively.. From t = 0 hr until t = + 3 hr, the 

plasmaa glucose concentration remained constant 

inn the control group (figure 4): 4.0  0.4 at t = 0 

andd 4.2  0.2 mmol/l at t = + 3 hr. In the alanine 

group,, the plasma glucose concentration showed 

aa small albeit statistically significant drop (from 

3.77  0.2 at t = 0 hr to 3.4  0.2 mmol/l at t = + 

33 hr (p = 0.005). Insulin concentrations at t = + 3 
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Figur ee 3. Rate of gluconeogenesis. Data are means  Figur e 4. Plasma glucose concentrations. Data are 
SEM.. means  SEM. In the alanine group the plasma glucose 

hrr were not different between the groups: median 30 pmol/l (range 25-80) in the alanine group and 

mediann 30 pmol/l (range 20-85) in the control group. 

Discussio n n 
Inn preterm infants low plasma glucose concentrations are frequently found. The low plasma amino 

acidd concentrations in preterm infants suggest that extra precursor supply could be beneficial for 

stimulationn of gluconeogenesis and therefore glucose production in these infants1618. The present 

studyy was designed to evaluate this possibility. Our study shows that, despite the low plasma 

alaninee concentrations before and the increase in plasma concentration during three hours of alanine 

administration,, the extra precursor supply did not result in an increase in gluconeogenesis. 

Theree are no studies measuring glucose production in response to alanine infusion in preterm 

infantss or healthy children. In prolonged fasted adults, alanine infusion is able to stimulate glucose 

productionn when plasma alanine concentrations and glucose production rate are low24 26. In healthy 

childrenn plasma glucose and alanine concentrations are lower than in adults, both after an overnight 

andd after a 30 hour fast18. In malnourished children and in children with malaria fasted overnight 

plasmaa alanine concentrations are even lower than in healthy children. In both groups alanine 

infusionn has been shown to stimulate glucose production, with a concomitant increase in plasma 

glucosee concentration27"28. These data indicate that gluconeogenic precursor supply influences 

gluconeogenesiss in overnight fasted children when plasma precursor concentrations are low. 

Accordingg to the data from a previous study, this condition is also fulfilled in preterm infants, and 

thereforee a positive effect of precursor supply on gluconeogenesis was expected29. 

AA difference between our study and the studies in older children is the administration of unlabeled 

glucose,, necessary to prevent hypoglycemia in our preterm infants, whereas the older children 

weree fasted overnight. The glucose infused during the study could have influenced our results 
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whenn it would largely suppress glucose production. We therefore chose a glucose infusion rate 

(222 umol.kg' ' .min1) in the lower range of the commonly prescribed glucose intake in preterm 

infantss (22-55 umol.kg 1.min 1). This infusion rate did not suppress endogenous production as the 

latterr still accounted for - 2 5 % of glucose appearance in our infants. When glucose appearance is 

sufficientt to account for glucose demands, this could explain the absence of an effect of alanine 

supplyy on endogenous glucose production. However, the extra alanine supply could still have 

stimulatedd gluconeogenesis, while endogenous production remained unchanged due to a 

concomitantt decline in glycogenosis, a phenomenon seen in adults30. This did not occur in our 

study.. Besides, the chosen study design does not preclude stimulation of gluconeogenesis. In a 

comparablee study design, our group showed that administration of free fatty acids stimulated 

glucosee production and gluconeogenesis significantly31. 

Althoughh we cannot completely exclude the impact of the nutrients administered prior to the study, we 

thinkk this played a limited role. There were no differences between the groups in the amount of 

macronutrientss they received. In addition, the plasma alanine concentrations before alanine administration 

weree very low, much lower than in the malnourished infants or children with malaria2728. 

Thee lack of stimulation we found in the present study can not be explained by insufficient supply of 

alanine.. If the administered alanine would have been completely converted into glucose, 

gluconeogenesiss would have increased with -8.5 umol.kg"1.min"1. 

Wee therefore speculate that, in the preterm infants we studied, the lack of stimulation of 

gluconeogenesiss is not due to insufficient precursor supply. Other explanations for the lack of 

stimulationn of gluconeogenesis by precursor supply could be: 1) low activity of enzymes involved in 

gluconeogenesis.. This possibility is supported by the low glucose 6-phosphatase and phosphoenol-

pyruvatee carboxykinase activities found in postmortem studies in preterm infants compared to term 

infants4 8 3 2 .. However, an obvious limitation of these studies is that differences may be related to 

thee clinical course and cause of death, rather than factors like gestational age. Although at least 

50%% of glucose production was derived from gluconeogenesis in our infants, this does not preclude 

thee possibility of l imitations in the gluconeogenic enzymes, since the absolute amount of 

gluconeogenesiss (~4 umol.kg1 .min1) was low in the infants we studied. 2) Disturbances in the 

hormonall regulation of glucose metabolism resulting in impaired gluconeogenesis could be lack of 

stimulationn by a low glucagon concentration, or inhibition of gluconeogenesis by a high insulin 

concentration.. Glucagon stimulates both glycogenosis and gluconeogenesis. Due to limitations in 

thee amount of blood, we were not able to measure glucagon concentrations in the present study. 

Inn a previous study, glucagon concentrations were -100 ng/l , comparable or even higher than 

thosee observed by Sann etal33. They showed that after intravenous alanine administration glucagon 

increasedd from 61  6 (comparable or lower than our results) to 76  7 pmol/l (p < 0.01) in preterm 

infants.. It is therefore not likely that low glucagon concentrations are the explanation for the absence 

off an increase in gluconeogenesis in this study. Insulin concentrations were low and comparable 
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betweenn the alanine and control group at the end of the study, precluding the possibility of inhibition 

off glucose production by hyperinsulinemia. We therefore speculate that, in the preterm infants we 

studiedd while receiving exogenous glucose, the lack of stimulation of gluconeogenesis is not due to 

insufficientt precursor supply, suppression of endogenous glucose production or hormonal factors. 

Limitedd activity of the enzymes involved in the gluconeogenic pathway is a more likely causative 

mechanism. . 

Thee decline in plasma glucose concentration during alanine infusion was unexpected but has been 

reportedd before33. The drop in glucose concentration in our study can not be ascribed to a decrease 

inn glucose production as this was stable in our study. Another explanation could be an increased 

glucosee clearance. Alanine is a well-known insulin secretagogue3436, but stimulation of insulin secretion 

iss an unlikely explanation in our infants since plasma insulin concentrations were low and comparable 

inn both groups. This observation is therefore unexplained. 

Inn conclusion: administration of the gluconeogenic precursor alanine does not result in an increase 

inn plasma glucose concentration, endogenous glucose production rate or gluconeogenesis. We 

speculatee a restricted capacity of the enzymes involved in the gluconeogenic pathway in the preterm 

neonate,, although a low secretion rate of hormones necessary for stimulation of gluconeogenesis 

cannott be excluded completely. 
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Abstrac t t 

Backgroun d d 

Inn preterm infants low plasma glucose concentrations are ascribed to insufficient glucose production 

duee to a low rate of gluconeogenesis and glycogenosis. Intravenous lipid emulsions could stimulate 

gluconeogenesiss by providing glycerol, a gluconeogenic precursor, and/or by providing free fatty 

acidss (FFA), stimulants of the rate of gluconeogenesis. 

Studyy design 

Inn 25 infants, gestational age < 32 weeks, glucose production and gluconeogenesis were measured 

usingg stable isotope techniques, during a six-hour infusion of glycerol, two different intravenous 

lipidd emulsions (Intralipid® or Clinoleic®), or glucose only. All groups were given unlabeled glucose 

att a rate of 22 umol.kgVmin1 . 

Results s 

Duringg the study-infusion the FFA concentrations were higher in both lipid groups compared to the 

glyceroll group (p < 0.001). Compared to baseline, the glucose production rate increased in the 

Intralipid®® group, whereas it decreased in the other groups (p = 0.002), due to a significant increase 

inn gluconeogenesis in the Intralipid® groupcompared to the other groups (p = 0.016). Glycogenosis 

decreasedd less in the Intralipid® group compared to the other groups (p = 0.006). The plasma 

glucosee concentration was significantly higher during the Intralipid® infusion than in the other 

groupss (p =0.046). 

Conclusion n 

Administrationn of the intravenous lipid emulsion Intralipid® enhanced glucose production by increasing 

gluconeogenesiss in preterm infants. Gluconeogenesis remained unchanged during glycerol infusion, 

indicatingg that the stimulatory effect in the Intralipid® group was due to FFA. The different response 

inn the Clinoleic® compared to the Intralipid® group suggests that only polyunsaturated fatty acids 

influencee glucose production in preterm infants, whereas monounsaturated fatty acids do not. 
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Introductio n n 
InIn preterm infants low plasma glucose concentrations are frequently found. This is ascribed to 

restrictedd glucose production capacity due to a low rate of gluconeogenesis caused by, among 

others,, an insufficient development of the necessary enzymes1. An alternative explanation could be 

aa lack of stimulating agents. Free fatty acids (FFA) are well known stimulants of gluconeogenesis2. 

Ass plasma FFA concentrations in preterm infants are much lower than in adults3 5 lack of FFA could 

bee involved in the presumed restricted capacity for gluconeogenesis. In adults the effect of FFA on 

glucosee production has been studied with stable isotope studies during manipulation of the FFA 

concentrations,, by either administration of intravenous lipid emulsions, or by antilipolytic drugs. An 

increasee in plasma FFA concentrations stimulates gluconeogenesis with a concomitant decrease in 

glycogenosis,, thereby maintaining the total glucose production at a constant rate in healthy postabsorptive 

adults^11 ]. In preterm infants only three studies explored the effect of oral or intravenous lipid administration 

onn glucose production in the first postnatal week, showing contradictory results1214. In the earliest 

studyy administration of an intravenous lipid emulsion did not affect the glucose production rate, 

comparablee to the findings in adults. However, glucose production was already almost completely 

suppressedd before the lipid infusion was started12. The other two studies showed enhancement of 

glucosee production in response to oral or intravenous lipid supply1314 . In the latter study 

gluconeogenesiss was also measured, revealing that both glucose production and gluconeogenesis 

weree higher in the infants receiving lipids. Because intravenous lipid emulsions contain both FFA and 

glycerol,, an important gluconeogenic precursor, the stimulating effect of the lipid emulsion could 

solelyy be caused by the glycerol component. Glycerol administration indeed has been shown to 

increasee gluconeogenesis in preterm infants15. Because of important differences in the study design, 

itt is not justified to compare the results between the infants receiving glycerol and those receiving 

intravenouss lipids. Conclusions about an additional effect of FFA on gluconeogenesis, independent 

off the stimulatory effect of glycerol, therefore cannot be made. 

Inn addition to the stimulating effect of FFA in general on gluconeogenesis, the fatty acid composition 

couldd be important in the effect on glucose metabolism, although the published data are contradictory. 

Inn some studies saturated fatty acids show more potent effects on insulin release, glucose oxidation, 

glucosee production and gluconeogenesis than unsaturated fatty acids, while others describe a greater 

effectt from (mono)unsaturated than from saturated fatty acids on glucose stimulated insulin 

secretion1620. . 

Thee primary objective of our study was to measure the effect of an increase in plasma FFA 

concentrationss on gluconeogenesis (by mass isotopomer distribution analysis, Ml DA) and endogenous 

glucosee production (isotope dilution technique) in preterm infants, by infusion of an intravenous 

lipidd emulsion in comparison with glycerol administration or controls receiving only glucose. The 

fattyy acid composition of the available intravenous lipid emulsions varies, and depends on the lipid 

usedd as the base component. A secondary objective was to compare the effect of two intravenous 
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lipidd emulsions with a different fatty acid composition on glucose production and gluconeogenesis. 

Methods s 
Patients s 
Pretermm infants were recruited from the Neonatal Intensive Care Unit at the Emma Children's Hospital 

AMC,, Amsterdam. Infants with a gestational age of 32 completed weeks or less were eligible for 

thee study. We included only infants with a postnatal age between one and eight days, because the 

incidencee of low plasma glucose concentrations is the highest in the first postnatal week. Exclusion 

criteriaa were: severe hypoglycemia (for ethical considerations and necessity of high rates of glucose 

infusion),, birth weight <10 tn or >90 th percentile for gestational age2 ' , sepsis, severe perinatal asphyxia 

(55 min Apgar score < 7), congenital malformations, severe respiratory distress, need of vasopressor 

support,, and maternal diabetes or glucose intolerance. Written informed consent by the parents 

wass obtained in all cases. This study was approved by the Medical Ethical Committee of the Academic 

Medicall Center in Amsterdam, the Netherlands. 

Studyy design 
Thee study design is shown in figure 1. Prior to the study all infants received enteral or parenteral 

nutritionn (or a combination) according to the nutrition protocol in our ward. Enteral and parenteral 

nutritionn were discontinued six hours before the study (t = -9 hr) and replaced by intravenous 

glucosee supply (unlabeled) at a rate of 33 umol.kg"1.min"1 (6 mg.kg^.min'1). The fluid intake was 

keptt at the level prescribed by the attending clinician, and was not changed during the study. 

Afterr obtaining a baseline blood sample at t = -3 hr (8.00 am) for determination of background 

IVV lipid 

[6,6-- H;] glucose 

[2-"CJJ glycerol 

unlabeledd glucose 

333 (jmol.kg '.min 22 umol.kg'.min 

Timee (hours) - 3 0 3 6 

Bloodd samples 

Figur ee 1. Study design. Arrows indicate blood sampling times. 

132 2 



FFAA stimulate gluconeogenesis in preterm infants 

isotopicc abundance, a primed (80 umol.kg'1 body weight), continuous (0.9 umol.kg"1 .min_1) infusion of 

[6,6-2H2]glucosee was started on top of the cold glucose infusion, to measure glucose production. [6,6-
2H2]glucosee (99% enriched, ARC Laboratories BV, Apeldoorn, The Netherlands), dissolved in sterile 

isotonicc saline and sterilized by passage of the solution through a millipore filter (size 0.2 urn; Minisart, 

Sartoriuss AG, Góttingen, Germany) was administered by a calibrated syringe pump (Perfusor fm, 

Braun,, Melsungen AG, Germany). Simultaneously, a primed (272 umol.kg"1 body weight), continuous 

(4.533 umol.kg"1.min-1 (-2.25 umol (glucose equivalents).kg1.min1)) infusion of [2-13C]glycerol (99% 

enriched,, ARC Laboratories BV, Apeldoorn, The Netherlands) was started at t = -3 hr on top of the cold 

glucosee infusion, to measure fractional gluconeogenesis. One infant (in the control group) received 

onlyy [6,6-2H2]glucose. 

Inn adults the adaptation to fasting is an established model to achieve better understanding of the 

pathophysiologyy of metabolic processes. In preterm infants prolonged fasting is ethically not acceptable 

becausee of the high risk of hypoglycemia. We therefore modified the fasting study design and measured 

glucosee kinetics during a prolonged period of low-rate glucose infusion without administration of 

otherr macronutrients. Simultaneous with the start of the isotopic infusions, the rate of exogenous 

glucosee infusion was diminished to 22 umol.kg-1.min/1 (4 mg.kg-1.min"1) and maintained at this rate 

untill the end of the study (t = +6 hr). The glucose infusion rate of 22 umol.kg-1.min"1 was chosen 

because,, according to the current practice in our hospital, this rate is considered to be the lower limit 

off the required exogenous glucose supply in preterm infants to prevent plasma glucose concentrations 

off less than 2.5 mmol/l. In addition to the glucose infusion, infants were randomly assigned to receive 

eitherr intravenous glycerol (0.52 mg.kgVmin1 (-5.6 umol.kg-1.min-1), or the intravenous lipid emulsion 

Intralipid®® (the standard intravenous lipid emulsion in our department (Fresenius Kabi Nederland BV, 

's-Hertogenbosch,, The Netherlands)) or Clinoleic® (provided free of charge by Baxter BV, Utrecht, the 

Netherlands)) during the last six hours of the study; a control group received only glucose. The lipid 

emulsionss were infused at a rate of 2.4 mg.kg 1 .min1 and contained a total of 4.24 g glycerol (2.25 g 

freee and 1.99 g triglyceride-bound) per 100 ml. Thus, with the lipid emulsion glycerol was supplied at 

aa rate of 0.52 mg.kg1.min-1 (-5.6 umol.kg'1.min1). The fatty acid composition of the two lipid emulsions 

iss shown in table 1. Intralipid® is based on soybean oil; Clinoleic® is a mixture of olive oil and soybean 

oill (ratio 4 : 1). 

Infusionss were administered through an intravenous (peripheral or central venous) catheter, previously 

introducedd for clinical reasons. Blood samples were drawn from a second intravenous catheter in 

thee opposite limb or, if present, from an intra-arterial line. 

Intralipid** Clinoleic® 

saturatedd 17% 16% 
monounsaturatedd 24% 63% 
polyunsaturatedd 58% 20% 

Tablee 1. Fatty acid composition of the intravenous 
lipidd emulsions. 
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Afterr an equilibration period of three hours of stable isotope infusion, blood samples were collected 

everyy hour (from t = 0 to +6 hr) for the measurement of isotopic enrichments and plasma glucose 

concentration.. At t = 0, t = +3 and t = +6 hr, blood was also collected for determination of FFA, 

triglyceridee and insulin concentrations. 

Assays s 
Alll measurements were performed in duplicate, except for the MIDA-samples, and all samples of 

individuall newborns were analyzed in the same run. 

Gass chromatography/mass spectrometry (GC/MS) analyses were performed with a model 5890 

Seriess II gas chromatograph coupled to a Model 5989 A mass spectrometer (Hewlett Packard, Palo 

Alto,, CA, USA). Sample preparation and measurement of [2H] and singly and doubly [13C] labeled 

glucose,, using a combination of [6,6-2H2]gtucose and [2-'3C]glycerol for the MIDA technique, were 

describedd in detail previously by our group22. 

Plasmaa glucose concentration was measured by the glucose oxidase method (Beekman Glucose 

Analyzer,, Beekman Instruments Inc., Mijdrecht, the Netherlands). FFA concentrations were determined 

enzymaticallyy using a NEFAC kit (WAKO Chemicals GMBH, Neuss, Germany). Triglyceride 

concentrationss were measured by spectrophotometry using the enzyme lipase. Insulin concentrations 

weree measured using a radioimmunoassay (Pharmacia Diagnostics AB, Uppsala, Sweden). 

Calculations s 

Thee rate of appearance (Ra) of glucose was calculated by the isotope dilution technique from the 

[6,6-2HJJ enrichment of glucose, using non steady state equations23: 

F - p V * [ ( C 22 + C 1 ) / 2 ] * [ ( E 2 - E 1 ) / ( t 2 - t l ) ] 

Raa = 

<E22 + E . ) / 2 

where:: F = [6,6-2H2]glucose infusion rate (in u.mol.kg'1.min'1), E = percent of glucose molecules 

enrichedd with 2H (in absolute values), C = = plasma glucose concentration (in mmol/l), t = time at the 

samplingg points (in min), and pV = effective distribution volume of glucose, assumed to be 350 

ml.kg"11 in preterm infants24. To calculate endogenous glucose production rate (GPR), exogenously 

infusedd glucose was subtracted from glucose Ra. 

Precursorr pool enrichment (p) and fractional gluconeogenesis (f) were calculated from the mass 

isotopomerr distribution pattern of unlabeled, singly and doubly labeled glucose derived from [2-
13C]glyceroll as described by Hellerstein and Neese2525. Absolute rate of gluconeogenesis was 

calculatedd as the product of f times glucose Ra. Glycogenosis was calculated by subtracting the 

ratee of gluconeogenesis from GPR. 
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Statistics s 

Repeatedd measurements analysis of variance was used to investigate the changes in glucose kinetics, 

FFAA concentrations, triglyceride and insulin concentrations over time, and to compare these changes 

betweenn the four groups (effect of protocol) (mixed model analysis of SPSS version 11.5.2) with 

timee as a linear variable. To correct for potential differences due to differences at baseline (t = 0), 

thee difference of the variable with the value at t = 0 was included as dependent variable in the 

analysis.. Unpaired data were analyzed by one-way analysis of variance. Results are reported as 

meann + standard deviation (SD), unless otherwise stated. Statistical significance was set at p < 0.05. 

Result s s 
Clinicall data 

Thee clinical characteristics of the infants are shown in table 2. All infants were appropriate for 

gestationall age. They were clinically stable, had normal body temperature, normal acid base status 

andd normal oxygen saturation and carbondioxide concentrations. Five infants were ventilated with 

mildd ventilator settings and received morphine for sedation, consistent with the routines in our 

nursery.. Seventeen infants required respiratory support by means of nasal continuous positive airway 

pressuree (nCPAP). Most infants received antibiotics, but none had positive blood cultures or clinical 

signss of infection. 

characteristics s respiratoryy support & medication 

gestationall age birth weight postnatal 
(weeks)) (grams) age (days) 

respiratory y 
supportt (n) 

antenatall caffeine 
steroidss (n) (n) 

Controll (n = 6) 30.0+1.8 

Glyceroll (n = 6) 29.4+1.6 

Clinoleic®(n=7)) 28.7+1.6 

lntralipid®(nn = 6) 29.3 + 0.7 

13155 + 244 5 + 2 

1453+4444 4 + 1 

12600 + 256 5 + 1 

13466 + 110 5 + 1 

11 female 
55 male 
33 female 
33 male 
44 female 
33 male 
33 female 
33 male 

22 ventilated 
44 nCPAP 
22 ventilated 
44 nCPAP 
11 ventilated 
55 nCPAP 
44 nCPAP 

Tablee 2. Clinical characteristics. Data are means  SD, or the number (n) of infants. There were no differences in 
gestationall age, birth weight or postnatal age between the groups. nCPAP = nasal continuous positive airway 
pressure.. Caffeine was administered in a maintenance-dose of 2-3 mg.kg'l.min1. 

FFAA concentrations 

Att baseline (t = 0) FFA concentrations were low and comparable between the groups (p = 0.338, 

tablee 3). During the study infusion (lipid emulsions or glycerol) the FFA concentrations were higher 

inn both lipid groups compared to the glycerol group: p < 0.001 for the effect of protocol (pairwise 

comparisons:: p < 0.001 for both lipid emulsions vs. glycerol). There were no significant differences 

inn the plasma FFA concentrations between the Intralipid® and the Clinoleic® group. 
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Timee (hr) 

FFAA (mmol/l) 

Triglyceridess (mmol/l) 

Insulinn (pmol/l) 

Control l 
Glycerol l 

Clinoleic® ® 
Intralipid8 8 

Control l 

Glycerol l 
Clinoleic® ® 

Intralipid® ® 
Control l 
Glycerol l 

Clinoleic® ® 
Intralipid® ® 

0 0 

0.055 5 

0.122 5 
0.077  0.05 
0.044  0.03 

ND D 
0.555  0.13 

0.588 6 
00 46 + 0.15 

322  13 
299  27 

466  26 
466  20 

3 3 

0.055 5 
0.066 5 

0.199 8 
0.244 5 

ND D 
0.766 6 
1.677 1 

1.611 2 
288  7 

2 5  13 

699  52 
544 6 

6 6 

0.088  0.08 
0.066 5 
0.222 8 

0.222 8 

ND D 
0.900 6 
2.577  1.55 
1.811 5 

366 5 
311 3 
855 4 

555 5 

Tablee 3. Plasma FFA, triglyceride and insulin concentrations. Data are means  SD. At baseline there were no significant 
differencess between the groups in the plasma FFA, triglyceride or insulin concentration. ND = not determined. 

Glucosee Kinetics 

Att baseline (t = 0) there were no significant differences between the groups in the parameters of 

glucosee kinetics (table 4). Changes during the six hour study period in the four groups are expressed 

ass area under the curve above basal in figure 2 to 5. Statistical analysis was performed with repeated 

measurementss analysis of variance as described in Methods. During the study-infusion (lipid emulsion 

orr glycerol) gluconeogenesis increased significantly over time in the Intralipid® group compared to 

thee other groups: p = 0.016 for the effect of protocol. Glycogenosis decreased less in the Intralipid® 

groupp compared to the other groups: p = 0.006 for the effect of protocol. Compared to baseline, 

thee glucose production rate increased in the Intralipid® group, whereas it decreased in the other 

groups:: p = 0.002 for the effect of protocol. There were no significant differences in the rates of 

gluconeogenesis,, glycogenosis or glucose production between the Clinoleic®, the glycerol and the 

2000- , , 
1500 --
1000 0 
500 0 

0 0 
-50 0 0 

-100 0 0 
-150 0 0 
-200 0 0 
-250 0 0 

H - ii r ^ 
JL JL 

controll glycerol clinoleic intralipid' 

Figur ee 2. Absolute rate of gluconeogenesis. Changes 
inn the four groups during the study are expressed as 
areaa under the curve (AUC) above basal. Data are means 

 SD. * = p < 0.005 for the pairwise comparison between 
thee groups (effect of protocol). 

2000 0 
1500 --
1000 --
500--

0 0 
-50 0 0 

-100 0 0 
-1500- 1 1 
-200 0 0 
-250 0 0 

controll glycerol clinoleic" intralipid' 

Figur ee 3. Absolute rate of glycogenosis. Changes in 
thee four groups during the study are expressed as area 
underr the curve (AUC) above basal. Data are means
SD.. * = p < 0.005 for the pairwise comparison between 
thee groups (effect of protocol). 
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Figur ee 4. Glucose production rate. Changes in the four 
groupss during the study are expressed as area under 
thee curve (AUC) above basal. Data are means  SD. 
Dataa are means  SD. * = p < 0.005, ** = p < 0.001 for 
thee pairwise comparison between the groups (effect of 
protocol). . 

controll group. The plasma glucose concentration was significantly higher during Intraiipid® infusion 

thann in the control group (p = 0.042). 

Triglyceridee and insulin concentrations 

Plasmaa triglyceride concentrations were only determined in the groups receiving glycerol or a lipid 

emulsion.. At baseline the plasma triglyceride concentrations were comparable in these groups (p = 

0.323,, table 3). During the study-infusion (lipid emulsions or glycerol) the triglyceride concentrations 

weree higher than in the glycerol group: Intraiipid® vs. glycerol: p = 0.027; Clinoleic® vs. glycerol: p = 

0.005.. Differences between the Intraiipid® and the Clinoleic® group were not statistically significant. 

Att baseline the plasma insulin concentrations were comparable in all groups (p = 0.440), and they 

didd not change during the study period. 

Glucosee production rate (umol/kg" 
Gluconeogenesiss (umol/kg"1. min"1) 
Glycogenosiss (umol/kg"1.min-1) 
Fractionall gluconeogenesis (%) 
Glucosee concentration (mmol/l) 

.min"1) ) 

Tablee 4. Glucose kinetics at baseline. Data a 

Control l 

8 8 
9 9 
4 4 
6 6 

4.11 8 

aree means

Glycerol l 

1 1 
9 9 
9 9 
4 4 

4.7+1.4 4 

SD. . 

Clinoleic® ® 

4 4 
8 8 
8 8 
9 9 
8 8 

Intraiipid" " 

9.7+1.5 5 
3 3 

7 7 
8 8 

ANOVA A 

NS S 
NS S 
NS S 
NS S 
NS S 

Discussio n n 
Ourr results showed that only the soybean oil based intravenous lipid emulsion (Intraiipid®) enhanced 

glucosee production by increasing gluconeogenesis and by preventing a decrease in the rate of 

glycogenosiss over time in preterm infants during a low-dose glucose infusion. The increase in 

5000 -, 
400 0 
300 0 
200 0 
100 0 

0 0 
-100 0 
-200 0 
-300 0 
-4000 -
-5000 J 

V//////A V//////A 

controll glycerol clinoleic' intraiipid" 

Figur ee 5. Plasma glucose concentration. Changes in the 
fourr groups during the study are expressed as area under 
thee curve (AUC) above basal. Data are means  SD. 
Dataa are means  SD. * = p < 0.005 for the pairwise 
comparisonn between the groups (effect of protocol). 
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gluconeogenesiss in the IntralipicP group occurred concomitant with an increase in the total plasma 

FFAA concentration. In the glycerol group gluconeogenesis remained unchanged, indicating that the 

stimulatoryy effect in the Intralipid® group was due to the FFA in this emulsion. The different response 

off gluconeogenesis to the Intralipid® and the Clinoleic(Pi infusion suggests that only polyunsaturated 

fa t t yy acids inf luence the pathways of glucose product ion in preterm infants, whereas 

monounsaturatedd fatty acids do not. 

Inn the literature several studies were published on the effect of lipid administration on glucose metabolism 

inn newborn infants, consistently showing an increase in plasma glucose concentration2734. Data on 

thee effect of lipids on glucose kinetics in newborn infants are scarce. One study showed no change 

inn glucose production, but it was already almost completely suppressed before the lipid infusion 

wass started'2. The other two studies showed enhancement of glucose production after oral and 

intravenouss lipids13"14. To our knowledge no other stable isotope studies have been published on 

thiss subject in preterm infants. Our results on the effect of the Intralipid® emulsion on total glucose 

productionn are in line with these earlier studies in preterm infants, but in contrast to the effect of 

lipidss on glucose production in adults. In healthy adults lipid administration results in an increase in 

gluconeogenesis,, but glucose production does not change due to a concomitant and reciprocal 

changee in glycogenolysis6 'slG. This mechanism is called hepatic autoregulation and is aimed at 

maintainingg the rate of glucose production constant35. In our preterm infants the increase in 

gluconeogenesiss during lntralipidw infusion did not result in a decrease in glycogenosis, and the 

glucosee production rate reached a higher level than the other groups. Explanations for this difference 

betweenn preterm infants and adults could be that the mechanism of hepatic autoregulation is not 

yett present in preterm infants, or is not active because it is not functional as long as hepatic glucose 

outputt does not completely cover glucose demands. The last possibility could apply to our infants, 

sincee the total rate of glucose appearance was approximately 34 [amol.kg1 .min-1 during the study, 

whichh is approximately 75% of the amount necessary to suppress endogenous glucose production 

inn preterm infants3637. 

Thee stimulating effect of Intralipid* on gluconeogenesis could be due to supply of the gluconeogenic 

precursorr glycerol or to FFA supply. Glycerol infusion did not stimulate gluconeogenesis in our 

study,, at first sight in contrast to the findings in an earlier study15. In that study glycerol supply at a 

ratee of 5 jj.mol.kg1 .min1 resulted in an increase in gluconeogenesis, but redoubling the glycerol 

infusionn rate did not lead to a further increase. This suggests that the ability of glycerol to increase 

gluconeogenesiss approaches a maximum at the lower rate. Due to the use of [2-13C]glycerol (at a 

ratee o f -4 .5 u.mol.kg ̂ .min ^ f o r the MIDA technique, the maximum stimulation was probably already 

reachedd in our study, and addition of unlabeled glycerol did not result in a further increase. The 

increasee of gluconeogenesis in the Intralipid® group can therefore not be ascribed to the glycerol 

presentt in this emulsion, but is most likely due to the stimulatory effect of (certain) fatty acids. 

Severall mechanisms by which FFA exert their effect on gluconeogenesis have been described. Hepatic 
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FFAA oxidation provides an important contribution to gluconeogenesis because this results in the 

product ionn of NADH, acetyl-CoA and ATP. These products contr ibute to st imulation of 

gluconeogenesis:: NADH produces reducing equivalents for gluconeogenesis, acetyl-CoA activates 

pyruvatee carboxylase and increases citrate concentrations (which inhibit phosphofructokinase, thereby 

inhibitingg glycolysis), and ATP provides energy for gluconeogenesis38"39. A second mechanism by 

whichh FFA stimulate gluconeogenesis could be by provoking insulin resistance. Insulin suppresses 

severall enzymes involved in gluconeogenesis40. In a situation of insulin resistance, the inhibiting 

effectt on these enzymes is reduced and gluconeogenesis will persist. The rate-limiting site of this 

effectt appears to be at the level of the interconversion between glucose 6-phosphate and glucose41. 

Finally,, FFA elevation can also directly affect gene expression and protein levels of the gluconeogenic 

enzymess pyruvate carboxylase, phosphoenolpyruvate carboxykinase and glucose 6-phosphatase42"44. 

Intralipid®® infusion prevented the time-dependent decrease in glycogenosis that occurred in the 

otherr groups. The mechanism behind this is unclear and the enhancement of glycogenosis during 

lipidd infusion in preterm infants is in contrast with the findings in healthy adults. In response to an 

increasee in FFA concentrations the rate of glycogenosis decreased and balanced the increase in 

gluconeogenesiss in healthy adults, thereby keeping the total glucose production rate constant611. 

Thee mechanism by which FFA influence glycogenosis in healthy adults is not completely elucidated. 

Itt could be due to both direct and indirect effects of FFA. Indirect mechanisms mediating the FFA 

effectss on glycogenosis are thought to be hepatic autoregulation and hormonal changes6 9 4 1 4 5 4 6 . 

Changess in FFA concentrations induce changes in the plasma glucose and insulin concentrations, and 

bothh have been shown to affect glycogenolysis more than gluconeogenesis47"48. FFA oxidation competes 

withh glucose breakdown in the glycolysis pathway and increases glucose 6-phosphate, an allosteric 

activatorr of glycogen synthesis and an inhibitor of glycogen breakdown49"50. Another possibility is that 

FFAA exert a direct effect on glycogenolysis, but at present such mechanisms are unknown47. 

Thee differences in glucose kinetics in response to the two different lipid emulsions, mainly differing 

inn their unsaturated fatty acid composition, suggest that different unsaturated fatty acids have a 

differentt effect on the pathways of glucose production in preterm infants. Other explanations could 

be:: a) differences in the glycerol concentrations; or b) differences in the total FFA concentrations 

betweenn the Intralipid® and Clinoleic® group. Unfortunately, we could not measure plasma glycerol 

concentrationss because of limitations in the blood sampling volume. However, the amount of glycerol, 

bothh free and triglyceride-bound, in the two lipid emulsions is similar. Therefore, the amount of 

glyceroll that was administered was comparable. The second explanation, a difference in the total 

plasmaa FFA concentrations, is not supported by our results. The total FFA concentrations were 

higherr in both lipid groups compared with the glycerol group, but comparable in the Intralipid® and 

Clinoleic®® group. These lipid emulsions mainly differ in their unsaturated fatty acid composition, 

Clinoleic®® is an olive oil based emulsion, containing predominantly monounsaturated fatty acids, 

whereass Intralipid® is based on soybean oil and contains mostly polyunsaturated fatty acids. It is 
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generallyy recognized that different fatty acids could have different effects on glucose kinetics, but 

mostt studies only compared the effect of saturated versus just unsaturated fatty acids in general. 

However,, there is evidence from in vitro studies that mono- and polyunsaturated fatty acids could 

affectt glucose metabolism in a different way5152. 

Ourr data have implications for clinical practice in preterm infants. In general, very preterm infants 

doo not receive optimum nutrition during the first postnatal days, due to restricted fluid intake, 

intolerancee of enteral nutrition and gradual increases of parenteral nutrition. As a consequence, 

lipidss are administered in a low amount in the first days after birth, when the incidence of low 

plasmaa glucose concentrations is high. Our study shows the beneficial effect of the administration 

off the soybean oil based lipid emulsion Intralipid® on glucose production, and is a strong argument 

forr the early introduction of this intravenous lipid emulsion in preterm infants and/or infants with 

hypoglycemia.. This needs to be evaluated in a randomized controlled clinical trial with the incidence 

off hypo- and hyperglycemia, growth, and psychomotor development as the main endpoints. 

Inn conclusion: administration of the intravenous lipid emulsion Intralipid® enhanced glucose production 

byy increasing gluconeogenesis and preventing a decrease in glycogenosis in preterm infants. 

Gluconeogenesiss remained unchanged during glycerol infusion, indicating that the stimulatory effect 

inn the Intralipid® group was due to FFA. The different response in the Clinoleic® compared to the 

Intralipid®® group suggests that only polyunsaturated fatty acids influence glucose production in 

pretermm infants, whereas monounsaturated fatty acids do not. 
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Generall discussion 

Genera ll  discussio n 
Afterr birth, the continuous supply of nutrients is suddenly interrupted by cord clamping, causing an 

abruptt change from the fed to a fasting state. To counterbalance this transition, major changes in 

thee regulatory factors of energy metabolism, like hormones and enzyme activities, have to take 

place.. Sufficient availability of energy stores is essential. Healthy term infants with a birth weight 

appropriatee for gestational age (AGA) are adequately equipped for this transition. In contrast, in 

pretermm and small for gestational age (SGA) infants the balance between energy supply and utilization 

iss compromised, manifesting as a higher incidence of hypoglycemia in these infants1. This is ascribed 

too limitations in glucose production capacity combined with increased energy and glucose needs2. 

Stablee isotope techniques can be used for quantification of metabolic pathways. Techniques to 

measuree endogenous glucose production in newborn infants are available since the 1970s. 

Endogenouss glucose production can only be derived from gluconeogenesis and glycogenosis. 

Non-invasivee and valid techniques to measure gluconeogenesis are relatively new, and data on 

gluconeogenesiss in newborn infants are therefore scarce. More detailed insight in the possibilities 

andd limitations of the pathways involved in glucose metabolism in preterm and SGA infants by 

applicationn of stable isotope techniques could lead to well-substantiated preventive and therapeutic 

interventionss for hypoglycemia in these infants. It is impossible to study changes in glucose production 

duringg hypoglycemia, as immediate glucose infusion is necessary to prevent brain damage. In preterm 

infantss this implicates that administration of exogenous glucose is required during the study. 

Thiss thesis explored the possibility to adapt gluconeogenesis and glycogenosis to changes in 

exogenouss glucose supply in relation to gestational age and birth weight in newborn infants in the 

firstt postnatal week. In the second part different interventions to stimulate gluconeogenesis and 

glycogenosiss were studied. 

Adaptatio nn of gluconeogenesi s and glycogenosi s 
Inn this thesis the term "adaptation" is not used as in "adaptation to extrauterine life" in general, but 

ass the response of glucose kinetics to changes in exogenous glucose supply in relation to gestational 

agee and birth weight. Although the metabolic changes on the first postnatal day are also highly 

interestingg and important, a deliberate choice was made to perform the studies after the first 

postnatall day, but within the first postnatal week. The first postnatal day is characterized by a 

metabolicc storm caused by, among others, large hormonal surges34. Combined with the variable 

clinicall condition of the newborn infant on the first day after birth, significant inter-individual variation 

cann be anticipated5 Another important difference between the first postnatal day and the subsequent 

dayss is the size of the energy stores. The glycogen stores are largely plundered by the end of the first 

postnatall day6, adding to the increased risk for low plasma glucose concentrations in the subsequent 

days.. Despite the current nutritional strategies, aimed at prevention of hypoglycemia, low plasma 

glucosee concentrations still frequently occur in the entire first postnatal week. This necessitates 
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furtherr research, in particular in infants after the first postnatal day. 

Thee capability of newborn infants to adapt glucose production to an abrupt increase in demands 

wass studied in chapter 2 and 3 by measuring the response of endogenous glucose production to 

aa decline in exogenous glucose supply. From a clinical perspective, the ability to increase glucose 

productionn to fully balance a decrease in exogenous glucose administration is an important defense 

mechanismm against hypoglycemia. The infants were classified in three groups by gestational age: 

<< 30 weeks, between 31 and 36 weeks and term infants. Each group was subdivided in AGA and 

SGAA infants. In response to a decline in exogenous glucose, endogenous glucose production increased 

inn all groups. However, the increase in endogenous glucose production only partly compensated 

thee decline in the supply of exogenous glucose. This is in contrast to the findings in adults, who 

compensatee a decline in exogenous glucose below basal requirements completely. In AGA infants 

thee magnitude of the response increased with gestational age: the compensation for the decline in 

exogenouss glucose was higher in term infants (-58%) compared to the youngest preterm group 

(-24%).. In SGA infants there was no difference in the extent of compensation between the preterm 

andd term infants. This confirms the hypothesis that the ability to increase glucose production in 

responsee to an increase in demand is more impaired in the younger and smaller infants, which may 

contributee to the higher incidence of hypoglycemia in these groups. 

Thee increase in endogenous production was due to an increase in both gluconeogenesis and 

glycogenosiss in preterm infants and in the term AGA infants. Term SGA infants showed only an 

increasee in gluconeogenesis, probably due to: a) lower liver glycogen content at the beginning of 

thee study as a result of a higher rate of glycogenosis in the pre-study period, or b) the inability to 

maintainn or increase the plasma glucagon concentration 

Bothh gestational age and birth weight therefore influenced the capability to increase endogenous 

glucosee production in response to an increase in demands. The influence of gestational age and 

birthh weight on glucose production was further addressed in chapter 4. From a substantial amount 

off earlier studies, involving -550 newborn infants, no correlation between clinical parameters like 

gestationall age or birth weight and glucose production could be determined. The conclusion that 

theree is no correlation between these parameters is not justified because of important differences in 

thee study design. In chapter 4 the data on glucose kinetics from 73 newborn infants, measured 

duringg standardized exogenous glucose supply (at a rate of -22 uJmol.kg"1.min"1), were evaluated. 

Thee influence of gestational age, postnatal age, birth weight, and plasma FFA concentration on 

gluconeogenesiss and glycogenosis was assessed by backward multiple linear regression analysis. 

FFAA was chosen because it is a well-known regulator of gluconeogenesis in adults7. Gluconeogenesis, 

measuredd at a single point during intravenous glucose supply, was positively correlated with 

gestationall age, and with FFA concentrations (independent of gestational age). But FFA and 

gestationall age also showed a positive correlation amongst themselves. Because FFA explained 

- 7 2 %% of the variation in gluconeogenesis, while addition of gestational age resulted in only - 3 % 
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additionall explanation, the higher rate of gluconeogenesis in infants with an advanced gestational 

agee was probably mediated by higher FFA concentrations. For glycogenosis, gestational and 

postnatall age showed a weak and inverse relation, meaning that glycogenosis was (slightly) lower 

inn older infants. Birth weight SD score did not influence gluconeogenesis or glycogenosis measured 

att a single point during low-rate intravenous glucose supply. 

Inn conclusion: the studies described in chapter 2, 3 and 4 show that glucose production capacity is 

moree impaired in preterm compared to term infants after the first postnatal day. Gluconeogenesis 

measuredd at a single point during standardized exogenous glucose supply was higher in infants 

withh a more advanced gestational age. This seemed mediated by the higher FFA concentrations in 

thesee infants. Gestational age played only a minor role in the regulation of glycogenosis after the 

firstt postnatal day. Birth weight SD score was not correlated with gluconeogenesis or glycogenolysis, 

measuredd at a single time point, in newborn infants between the second and eighth postnatal day. 

Evaluationn of the possibility to adapt endogenous glucose production to an increase in demands 

showedd that all newborn infants can only partly compensate a decline in exogenous glucose, but 

thatt term AGA infants are better adapters than preterm or SGA infants. 

Stimulatio nn of gluconeogenesi s and glycogenolysi s 
Followingg the studies in the first part of this thesis, showing impaired glucose production capacity in 

pretermm and term SGA infants compared to term AGA infants, the next studies focused on the 

possibilityy to stimulate gluconeogenesis and glycogenolysis, particularly in preterm infants. 

Too be able to stimulate glycogenolysis, a sufficient amount of liver glycogen content is essential. It 

iss well-known that prenatal liver glycogen content is smaller in preterm and term SGA infants 

comparedd to term AGA newborns810. Immediately after birth glycogenolysis ensues, and liver 

glycogenn content is largely exhausted within the first postnatal day5. The course of replenishment 

off liver glycogen stores in newborn infants is unknown. Therefore it is unclear whether differences 

inn liver glycogen content between preterm AGA and SGA infants after the first postnatal day 

contributee to the increased risk of hypoglycemia in preterm SGA infants. Measurement of liver 

glycogenn content in newborn infants is complicated by many practical considerations. Currently, 

thee only non-invasive technique providing direct measurements of liver glycogen content is nuclear 

magneticc resonance imaging combined with stable isotopes (13C-NMR)11, but this technique is not 

feasiblee in newborn infants for research purposes only. An indirect method is to measure glucose 

kineticss with stable isotope techniques in response to glucagon. Glycogenolysis and the response to 

glucagonn are positively correlated with the glycogen content of the liver1115. The combined use of 

stablee isotope techniques with a glucagon test provides the rate of glycogenolysis in response to 

glucagonn and, by deduction, an estimate of the liver glycogen content is obtained, avoiding invasive 

procedures.. In chapter 5 this method was applied in preterm AGA and preterm SGA infants between 

149 9 



Chapterr 8 

thee third and seventh postnatal day. In response to a bolus glucagon there was a comparable 

increasee in glucose production in both groups, mainly due to an increase in glycogenosis. These 

findingss do not support the hypothesis that liver glycogen content is lower in SGA than in AGA 

infantss after the first postnatal day. Second, in comparison with adults, the response of glucose 

productionn to a pharmacological increase in glucagon concentration was relatively low with regard 

too the higher glucose demands in preterm infants. This observation has implications for clinical 

practice,, because the initial compensatory response during fasting or interruption of nutrient 

administrationn is glycogenosis. An insufficient glycogenolytic response implies a major impairment 

inn the initial adaptation to a decline in exogenous glucose, demanding a constant exogenous nutrient 

supplyy and avoiding large fluctuations. 

Gluconeogenesiss is the second pathway contributing to endogenous glucose production. In preterm 

infantss gluconeogenesis could be impaired due to insufficient availability of the gluconeogenic 

precursors,, in particular glycerol and amino acids, or FFA which are known as major regulators of 

gluconeogenesiss in adults1621. In chapter 6 and 7 the possibility of insufficient precursor availability 

andd the effect of intravenous lipid supply on glucose kinetics were evaluated. If the availability of 

gluconeogenicc precursors is insufficient, exogenous precursor supply could result in an increase in 

gluconeogenesis.. Two different precursors, alanine and glycerol, were administered to preterm 

AGAA infants. Alanine did not stimulate gluconeogenesis, in line with an earlier study that showed 

noo change in gluconeogenesis after withdrawal of parenteral amino acids22. We also found no 

stimulatoryy effect of glycerol on gluconeogenesis, at first sight in contrast with data from the 

literature23.. In that study glycerol supply at a rate of 5 jamoLkg 1.min 1 resulted in an increase in 

gluconeogenesis,, but redoubling the glycerol infusion rate did not lead to a further increase. This 

suggestss that the ability of glycerol to increase gluconeogenesis approaches a maximum at the 

lowerr rate. Due to the use of [2-13C]glycerol (-4.5 u.mol.kg-1.min1) for the MIDA technique, the 

maximumm stimulation was already reached in our study, and addition of unlabeled glycerol did not 

resultt in a further increase. The data from chapter 7 are therefore comparable to the literature. 

Inn conclusion: administration of the precursor alanine did not enhance gluconeogenesis. Glycerol 

supplyy could stimulate gluconeogenesis, although there is a maximum to this effect. The difference 

betweenn alanine and glycerol in the possibility to stimulate gluconeogenesis could be due to the 

differentt entry points in the gluconeogenic pathway; alanine enters the pathway "lower" which 

meanss alanine has to pass through more biochemical steps than glycerol. One critical step could be 

thee conversion f rom oxaloacetate to phosphoenolpyruvate, regulated by the rate l imiting 

gluconeogenicc enzyme phosphoenolpyruvate carboxykinase24. Another possibility is insufficient activity 

off the enzyme alanine aminotransferase that converts alanine to oxaloacetate25. 

FFAA are no longer considered to be ordinary substrates for energy metabolism, but they are 

recognizedd as "metabolic messengers", mediating the close interaction between insulin and glucose 

metabol ism2 6 2 7 .. Their role in the regulation of glucose metabolism is well-established in both 

150 0 



Generall discussion 

healthyy adults and in different diseases, e.g. type 2 diabetes mellitus1621. In newborn infants the 

strongg correlation between gestational age, FFA and gluconeogenesis that we found in chapter 4 

suggestedd an equally important role for FFA in newborn infants. In chapter 7 we tested whether the 

relationn between FFA and gluconeogenesis was causal in nature, by measuring the effect of an 

intravenouss lipid emulsion on glucose kinetics compared with glycerol administration and a control 

group.. During a six-hour infusion of a soybean oil based lipid emulsion gluconeogenesis increased 

comparedd to the glycerol and the control group. In addition, the soybean oil based lipid emulsion 

preventedd the decrease in glycogenosis that occurred in the control group. As a result of the 

changess in gluconeogenesis and glycogenosis, the glucose production rate increased during infusion 

off the soybean oil lipid emulsion, whereas it declined in the other groups. The different response in 

thee soybean oil lipid emulsion and the glycerol group indicate that FFA stimulate gluconeogenesis, 

independentt from glycerol. This is in line with the data in adults. The stimulating effect of the 

soybeann oil based lipid emulsion was not found during administration of an olive oil based lipid 

emulsion.. The main difference between these lipid emulsions is the unsaturated fatty acid composition. 

Thesee data therefore suggest that different fatty acids exert different effects on glucose metabolism 

inn preterm infants. 

Thee findings in chapter 7 underscore the importance of lipid metabolism in the regulation of glucose 

metabolismm in preterm infants. The two main pathways in lipid metabolism that influence glucose 

metabolismm are lipolysis and fatty acid oxidation. Glycerol and FFA are both products from lipolysis. 

Adequatee lipolysis requires sufficient amounts of precursor, i.e. fat tissue or exogenous lipid supply, 

andd lipolytic enzyme activity. In preterm infants lipolysis is limited compared with term infants, 

becausee their lipid stores are very small28 and with the current clinical practice, exogenous lipid 

supplyy by parenteral nutrition is restricted in the first postnatal week, for fear of intolerance for the 

intravenouss lipid emulsions. The other pathway, fatty acid oxidation, has also been shown to be 

impairedd in preterm infants29. We therefore hypothesize that insufficient lipolysis due to small lipid 

storess and the restricted capacity for fatty acid oxidation are important factors for lower 

gluconeogenesiss in preterm infants. 

Inn conclusion: the prenatal differences in liver glycogen content between preterm AGA and SGA are 

leveledd off after the first postnatal day. The response of glycogenosis to both physiological and 

pharmacologicall stimuli is relatively impaired in preterm infants with regard to their high demands. 

Glyceroll supply could stimulate gluconeogenesis, although there is a maximum to this effect. 

Administrationn of a soybean oil based, but not an olive oil based intravenous lipid emulsion enhanced 

glucosee production by increasing gluconeogenesis. Different FFA therefore seem to exert different 

effectss on gluconeogenesis in preterm infants. 
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Implicationss for clinical practice 
Currentt clinical practice 

Thee current feeding practices for term AGA and preterm or SGA infants show both similarities and 

dissimilarities.. In all newborn infants the routine is to start with a restricted amount of fluid which is 

graduallyy increased during the first postnatal week, albeit that the amount of fluid prescribed is 

usuallyy higher in preterm and/or SGA infants. Compared to term AGA infants, preterm or SGA 

infantss have higher nutritional requirements, combined with limited tolerance of enteral nutrition, 

andd therefore often depend on parenteral nutrient supply. On the first postnatal day parenteral 

nutritionn is usually limited to intravenous glucose administration, in the youngest preterm infants 

sometimess combined with amino acids. In the subsequent days, other nutrients are administered by 

thee gradually augmented enteral and/or parenteral nutrition. Both from data in the literature3032 

andd from the prescriptions in our own NICU (figure 1) it is evident that nutritional needs are not met 

inn the first postnatal week in preterm infants. This also applies to exogenous glucose supply. The 

ratee of glucose administration is usually dictated by the total amount of fluid to be administered. In 

otherr words: the glucose infusion is used to balance the fluid budget. In general, the actual amount 

off glucose prescribed is neither intentionally chosen nor calculated, and thus often unknown. As a 

result,, changes in the general treatment; e.g. fluid restriction, or insertion of catheters that require 

aa 'keep-open' infusion, can lead to abrupt changes in the amount of fluid available for glucose 

administration.. These changes can lead to unintentional but quantitatively important changes in 

thee amount of glucose administered. 

Inn summary, with the current feeding practices the exogenous nutrient delivery is severely compromised 

inn preterm or SGA infants in the first days after birth, while their requirements are high. Initially only 

glucosee is administered, in amounts generally dictated by the available fluid volume. 

Figur ee 1. Nutrient prescription in 
thee first two weeks in preterm 
infantss < 32 weeks gestational age 
inn the year 2003 (Intensive Care 
Neonatology,, Emma Children's 
Hospitall AMC, Amsterdam). Data 
aree means  SD. 

Suggestionss for clinical practice 

Thee studies in this thesis showed that endogenous glucose production both from gluconeogenesis 

andd glycogenosis is limited in preterm or SGA infants compared to term AGA infants. Glycogenosis 

protein n 
carbohydrate e 
fat t 

postnatall age (days) 
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iss the initial counterregulatory response of the body to compensate a decline in the plasma glucose 

concentrat ion.. Both physiological (a decrease in intravenous glucose supply) as well as a 

pharmacologicall stimulus (a bolus glucagon) provoked a subopttmal response with regard to the 

newbornn infant's glucose requirements. These findings underscore the importance of an adequate 

nutritionall regime in preterm or 5GA infants, avoiding fasting periods and abrupt fluctuations in 

nutrientt administration. Implementation of a more pharmacological approach in the prescription of 

glucosee - e.g. on a mg.kg^.min1 basis - will lead to increased awareness of abrupt changes in 

exogenouss glucose supply, thereby offering the opportunity to anticipate to these unintentional changes, 

inn addition to this, strategies for prevention or treatment of hypoglycemia focusing on stimulation 

off gluconeogenesis should be introduced shortly after birth. In preterm infants gluconeogenesis can 

bee stimulated by precursor supply, in particular glycerol. Increasing FFA availability stimulated 

gluconeogenesiss in preterm infants. Intravenous lipid emulsions supply both glycerol and FFA in the 

formm of triglycerides. Stimulation of gluconeogenesis by earlier introduction of lipid emulsions could 

havee a place both in the prevention and treatment of hypoglycemia in preterm infants. 

Futur ee researc h perspective s 
Fromm the persistent high incidence of hypoglycemia it can be concluded that the current nutritional 

regimess for preterm and/or SGA infants are inadequate and need improvement. Suggestions based 

onn the studies in this thesis are described above, but need to be evaluated in a randomized controlled 

clinicall trial with the incidence of hypo- and hyperglycemia, growth, and psychomotor development 

ass the mam endpoints. 

Nott all studies in this thesis included SGA infants Precursor supply or increasing FFA availability 

couldd have more pronounced effects in these infants. For instance: amino acid precursor supply 

couldd prove to stimulate gluconeogenesis in preterm SGA infants, in contrast to the findings in 

pretermm AGA infants. The studies on stimulation of gluconeogenesis with precursor or FFA supply 

thereforee have to be repeated in preterm SGA infants. 

Itt is impossible to study changes in glucose metabolism during hypoglycemia, because hypoglycemia 

requiress immediate intervention to prevent brain damage. However, data from the stable isotope 

studiess in normoglycemic infants can be used to design randomized controlled clinical trials evaluating 

therapeuticc interventions in hypoglycemic infants. 

Thee studies in this thesis confirm the close link between glucose and lipid metabolism. Kinetic data 

onn lipid metabolism in newborn infants are even more scarce than data on glucose metabolism. 

Thesee data are mandatory in the understanding of the pathophysiology of basal energy metabolism 

inn newborn infants, and could also provide valuable information about the mechanisms involved in 

therapeuticc strategies like (intravenous) lipid administration. Stable isotope studies could elucidate 

thee main pathways involved in lipid metabolism: lipolysis, ketogenesis and lipogenesis. 
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Summar y y 
Chapterr 1 
Chapterr 1 is the general introduction to this thesis. Hypoglycemia is frequently found in newborn 

infants,, due to a disturbance in the balance between glucose supply and glucose utilization. Preterm 

orr small for gestational age (SGA) infants are more prone for low plasma glucose concentrations 

thann term appropriate for gestational age (AGA) infants. This is ascribed to limitations in glucose 

productionn capacity combined with increased energy and glucose needs. In chapter 1 an overview 

off the current knowledge of the pathways of glucose metabolism in newborn infants was given, 

followedd by a discussion of the glucoregulatory factors. To put the data from preterm newborn 

infantss in perspective, comparisons were made with data from term newborn infants and healthy 

adults.. Finally, the currently available stable isotope methods for measurement of glucose metabolism 

weree discussed, with their feasibility and limitations in newborn infants. 

Chapterr 2 
Thee capability of preterm newborn infants to adapt glucose production to an abrupt increase in 

demandss was studied by measuring the response of endogenous glucose production to a decline in 

exogenouss glucose supply. From a clinical perspective the ability to increase glucose production to 

fullyy balance a decrease in exogenous glucose administration is an important defense mechanism 

againstt hypoglycemia. In response to a decline in exogenous glucose, endogenous glucose production 

increasedd in the preterm infants. However, this increase only partly compensated the decline in 

exogenouss glucose. This is in contrast to adults, who compensate a decline in exogenous glucose 

beloww basal requirements completely by an increase in endogenous production. 

Chapterr 3 
AA similar study design as in chapter 2 was applied to term infants. In response to a decline in 

exogenouss glucose term infants increased the rate of endogenous glucose production. Like preterm 

infants,, the increase was not sufficient to compensate the decline in exogenous glucose fully. However, 

inn AGA infants the response improved with gestational age: the compensation for the decline in 

exogenouss glucose was higher in term infants (-58% of the decline) compared to the youngest 

pretermm group (-24%). In SGA infants there was no difference in the extent of compensation 

betweenn the preterm and term infants. The increase in endogenous production was due to an 

increasee in both gluconeogenesis and glycogenosis in preterm infants and in the term AGA infants. 

Inn contrast, term SGA infants showed only an increase in gluconeogenesis. 

Chapterr 4 
Thee influence of gestational age and birth weight on glucose production was further addressed in 

chapterr 4. The effect of gestational age, postnatal age, birth weight, and plasma FFA concentration 

onn gluconeogenesis and glycogenosis, measured in 73 newborn infants during standardized 
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exogenouss glucose supply, was assessed by backward multiple linear regression analysis. 

Gluconeogenesiss was positively correlated with gestational age, and with FFA concentrations. FFA 

explainedd - 7 2 % of the variation in gluconeogenesis, whereas addition of gestational age resulted in 

onlyy - 3 % additional explanation. Because FFA and gestational age also showed a positive correlation 

amongstt themselves, the higher rate of gluconeogenesis in infants with an advanced gestational 

agee was probably mediated by the higher FFA concentration. Gestational age played only a minor 

rolee in the regulation of glycogenosis after the first postnatal day. Birth weight SD score was not 

correlatedd with gluconeogenesis or glycogenosis measured at a single time point in newborn 

infantss between the second and eighth postnatal day. 

Chapterr 5 
Too be able to stimulate glycogenosis, sufficient amounts of glycogen are essential. It is unclear 

whetherr the prenatal differences in liver glycogen content between preterm AGA and SGA infants 

stilll exist after the first postnatal day, and contribute to the increased risk of hypoglycemia in preterm 

SGAA infants. The change in glucose production induced by glucagon is considered to be an indicator 

off liver glycogen content. This method was applied in preterm AGA and preterm SGA infants 

betweenn the third and seventh postnatal day In response to a bolus glucagon there was a comparable 

increasee in glucose production in both groups, mainly due to an increase in glycogenosis. These 

findingss do not support the hypothesis that liver glycogen content is lower in SGA than in AGA infants 

afterr the first postnatal day. Second, in comparison with adults, the response of glucose production to 

aa pharmacological glucagon dose was low with regard to the higher glucose demands in preterm 

infants.. This observation has important clinical implications, because an insufficient glycogenolytic 

responsee means a major impairment in the initial adaptation to a decline in exogenous glucose. 

Chapterr 6 
Alaninee is one of the main gluconeogenic precursors in newborn infants and adults Insufficient 

precursorr supply is more likely to occur in newborn infants than in adults, due to their limited fuel 

r e s e rvess combined with increased energy needs. If the availability of gluconeogenic precursors is 

insufficient,, exogenous precursor supply could result in an increase in gluconeogenesis. In preterm 

AGAA infants alanine administration did not stimulate gluconeogenesis, despite a sharp increase in 

plasmaa alanine concentrations. The absence of a stimulatory effect could be due to either a restricted 

capacityy of the enzymes involved in the gluconeogenic pathway or a low secretion rate of 

glucoregulatoryy hormones. 

Chapterr 7 
Administrat ionn of (intravenous) lipids has been shown to increase glucose production and 

gluconeogenesiss in preterm infants. Intravenous lipid emulsions could stimulate gluconeogenesis by 
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providingg glycerol, a gluconeogenic precursor, and/or by providing free fatty acids (FFA), stimulants 

off the rate of gluconeogenesis. In chapter 7 glucose production and gluconeogenesis were measured 

duringg a 6-hour infusion of glycerol, two different intravenous lipid emulsions (Intralipid® or Clinoleic®), 

orr glucose only in preterm AGA infants. In the glycerol group no stimulatory effect on gluconeogenesis 

wass found, probably because the maximum gluconeogenic response to glycerol was already reached 

withh the stable isotope infusion, precluding a further increase from the unlabeled glycerol infusion. 

Intralipid®® infusion enhanced glucose production due to an increase in gluconeogenesis in preterm 

infantss during a low-dose glucose infusion. The increase in gluconeogenesis occurred concomitant 

withh an increase in the total plasma FFA concentration. Gluconeogenesis did not increase in the 

glyceroll group, indicating that the stimulatory effect in the Intralipid* group was due to FFA. There 

wass also no increase in gluconeogenesis in the Clinoleic00 group, suggesting that only polyunsaturated 

fattyy acids influence glucose kinetics in preterm infants, whereas monounsaturated fatty acids do not. 

Chapterr 8 
Inn this chapter the results from the studies in this thesis with the potential implications for current 

clinicall practice and directions for future research were discussed. 

Thee studies in this thesis showed that endogenous glucose production both from gluconeogenesis 

andd glycogenolysis is limited in preterm or SGA infants compared to term AGA infants. Glycogenolysis 

iss the initial counterregulatory response of the body to a decline in the plasma glucose concentration. 

Bothh a physiological and a pharmacological stimulus provoked a suboptimal response relative to the 

newbornn infant's glucose requirements. These findings underscore the importance of an adequate 

nutritionall regime in preterm or SGA infants, avoiding abrupt fluctuations of nutrient administration. 

Inn addition to this, strategies for prevention or treatment of hypoglycemia focusing on stimulation 

off gluconeogenesis, like earlier introduction of intravenous lipid emulsions, should be introduced 

shortlyy after birth. 

Futuree research should focus on the evaluation of different nutritional regimes in the first postnatal 

week,, based on the suggestions mentioned above, in a randomized controlled clinical trial, with the 

incidencee of hypo- and hyperglycemia, growth, and psychomotor development as the mam endpoints. 

Second,, only AGA infants were included in the studies on precursor and FFA supply. It is not unlikely 

thatt different results would have been obtained in SGA infants; further studies are needed in these 

infants.. Third, glucose and lipid metabolism are closely linked, but kinetic data on lipid metabolism 

inn newborn infants are very scarce. These data are mandatory in the understanding of the 

pathophysiologyy of basal energy metabolism in newborn infants, and could also provide valuable 

informationn about the mechanisms involved in the effect of therapeutic strategies like (intravenous) 

lipidd administration. Stable isotope studies could elucidate the possibilities and limitations in the 

mainn pathways involved in lipid metabolism in newborn infants: lipolysis, ketogenesis and lipogenesis. 
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Samenvat t ing g 
Hoofdstukk 1 
Hoofdstukk 1 is de algemene inleiding van dit proefschrift. Hypoglycemie komt vaak voor bij 

pasgeborenen,, als gevolg van een verstoring in de balans tussen glucose aanbod en glucose verbruik. 

Tee vroeg geboren kinderen (prematuren) en pasgeborenen met een te laag gewicht voor de 

zwangerschapsduurr (dysmaturen) hebben vaker lage bloedsuikers dan voldragen (a terme) 

pasgeborenenn met een normaal gewicht voor de zwangerschapsduur. Dit wordt toegeschreven 

aann een beperkte glucose productie capaciteit in combinatie met een verhoogde energie- en 

glucosebehoefte.. Hoofdstuk 1 geeft een overzicht van de huidige kennis van de verschillende paden 

vann het glucose metabolisme, gevolgd door een bespreking van de regulerende factoren. Om de 

gegevenss van premature pasgeborenen in perspectief te kunnen plaatsen, worden deze vergeleken 

mett de gegevens die bekend zijn van voldragen pasgeborenen en gezonde volwassenen. Tevens 

wordtt een overzicht gegeven van de stabiele isotopen technieken die momenteel gebruikt worden 

terr bestudering van het glucose metabolisme, met speciale aandacht voor de mogelijkheden en 

beperkingenn bij toepassing van deze technieken bij pasgeborenen. 

H o o f d s t u kk 2 

Hett vermogen van premature pasgeborenen om de glucose productie aan te passen aan een 

plotselingee toename van de behoefte werd bestudeerd door meting van de endogene glucose 

productiee als reactie op een verlaging van het exogene (intraveneuze) glucose aanbod. Het vermogen 

omm de endogene glucose productie zodanig te kunnen verhogen dat een verlaging van de exogene 

glucosee toevoer volledig wordt gecompenseerd, is een belangrijk verdedigingsmechanisme tegen 

hypoglycemie.. In reactie op een verlaging van de exogene glucose toediening trad een toename op 

vann de endogene productie bij premature pasgeborenen. Deze toename compenseerde de verlaging 

vann het exogene aanbod echter slechts gedeeltelijk. Dit is in tegenstelling tot gezonde volwassenen; 

zijj compenseren een daling van de exogene toevoer beneden de basale glucose behoefte volledig 

mett een verhoging van de endogene productie. 

Hoofdstukk 3 
Eenn studie met een vergelijkbare opzet als in hoofdstuk 2 werd uitgevoerd bij a terme pasgeborenen. 

InIn reactie op een verlaging van de exogene glucose toevoer verhoogden a terme pasgeborenen de 

endogenee glucose productie. Net als bij de premature pasgeborenen was de verhoging van de 

endogenee productie onvoldoende om de verlaging in het aanbod volledig te compenseren. Echter, 

bijj pasgeborenen met een normaal gewicht voor de zwangerschapsduur verbeterde de reactie met 

toenemendee zwangerschapsduur: de compensatie voor de verlaging van het exogene glucose aanbod 

wass hoger in a terme pasgeborenen (-58% van de verlaging) in vergelijking met zeer jonge 

prematurenn (-24%). Dit was niet het geval bij dysmature pasgeborenen: de compensatie voor de 
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verlagingg van exogeen aanbod nam niet toe met toenemende zwangerschapsduur. Bij premature 

enn voldragen pasgeborenen met een normaal gewicht voor de zwangerschapsduur werd de toename 

vann de endogene productie veroorzaakt door een toename van zowel gluconeogenese als van 

glycogenolyse.. Bij a terme dysmaturen daarentegen werd alleen een toename van de gluconeogenese 

gezien. . 

Hoofdstukk 4 
Dee invloed van zwangerschapsduur en geboortegewicht op de glucose productie werd nader 

geanalyseerdd in hoofdstuk 4. De invloed van zwangerschapsduur, postnatale leeftijd, geboortegewicht 

enn de plasma concentratie van vrije vetzuren (FFA) op de glucose kinetiek, gemeten bij 73 

pasgeborenenn tijdens een gestandaardiseerd exogeen glucose aanbod, werd geanalyseerd door 

middell van multipele regressie analyse. Gluconeogenese was positief gecorreleerd met de 

zwangerschapsduurr en met de FFA concentratie. FFA verklaarde - 7 2 % van de variatie in 

gluconeogenese;; toevoegen van zwangerschapsduur in het model resulteerde in slechts - 3 % extra 

verklaring.. Omdat FFA en zwangerschapsduur onderling ook een positieve correlatie toonden, werd 

dee hogere gluconeogenese bij pasgeborenen met een verder gevorderde zwangerschapsduur 

waarschijnlijkk gemedieerd door een hogere FFA concentratie. De zwangerschapsduur speelde slechts 

eenn geringe rol in de regulatie van de glycogenolyse bij pasgeborenen meer dan een dag oud. Het 

geboor tegewich tt weergegeven als standaard deviatie score was niet gecorreleerd met 

gluconeogenesee of glycogenolyse, gemeten op een enkel tijdstip bij pasgeborenen tussen de twee 

enn acht dagen na de geboorte. 

Hoofdstukk 5 
Hett vermogen om de glycogenolyse te kunnen stimuleren is afhankelijk van de aanwezigheid van 

voldoendee hoeveelheden glycogeen. Het is onduidelijk of de prenataal bestaande verschillen in lever 

glycogeenn voorraad tussen prematuren met een normaal gewicht en prematuren met een te laag 

gewichtt voor de zwangerschapsduur ook na de eerste dag nog bestaan en bijdragen aan de 

verhoogdee kans op hypoglycemic bij pre-dysmaturen. De verandering in de glucose productie in 

reactiee op glucagon kan worden beschouwd als een indicator van het lever glycogeen gehalte. 

Dezee methode werd toegepast bij prematuren met een normaal geboortegewicht vergeleken met 

pre-dysmaturenn van drie tot zeven dagen oud. Na een bolus glucagon was er een vergelijkbare 

stijgingg van de glucose productie in beide groepen, die vooral werd veroorzaakt door een toename 

inn de glycogenolyse. Deze bevinding geeft geen ondersteuning aan de hypothese dat het lever 

glycogeenn gehalte bij dysmaturen na de eerste postnatale dag lager is dan bij prematuren met een 

normaall geboortegewicht. Echter, in vergelijking met gezonde volwassenen was de stijging van de 

glucosee productie in reactie op een farmacologische glucagon dosis bij de prematuren laag in 

verhoudingg tot de hogere glucose behoefte. Deze observatie heeft belangrijke klinische consequenties. 
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omdatt een onvoldoende glycogenolytische respons een ernstige belemmering vormt in de initiële 

adaptatiee aan een verlaging van het exogene glucose aanbod. 

Hoofdstukk 6 

Alaninee is een belangrijke precursor voor de gluconeogenese bij pasgeborenen en volwassenen. 

Onvoldoendee aanbod van precursors zal eerder voorkomen bij pasgeborenen dan bij volwassenen, 

vanwegee de beperkte voorraden brandstof in combinatie met de verhoogde energie behoefte. Als 

err onvoldoende gluconeogenese precursors beschikbaar zijn, kan exogeen aanbod van precursors 

leidenn tot een toename van gluconeogenese. Bij premature pasgeborenen met een normaal gewicht 

voorr de zwangerschapsduur resulteerde alanine toediening niet in een stijging van de gluconeogenese, 

ondankss een sterke stijging van de plasma alanine concentraties. Het uitblijven van een stimulerend 

effectt kan verklaard worden door een beperking in de capaciteit van de enzymen betrokken bij de 

gluconeogenesee of door een lage secretie van de glucoregulatoire hormonen. 

Hoofdstukk 7 

Hett is aangetoond dat toediening van (intraveneuze) vet emulsies een toename van de glucose 

productiee en gluconeogenese kan induceren bij premature pasgeborenen. Intraveneuze vet emulsies 

zoudenn de gluconeogenese kunnen stimuleren door aanbod van glycerol, een gluconeogenese 

precursor,, en/of door aanbod van vrije vetzuren (FFA), stimulatoren van de gluconeogenese. In 

hoofdstukk 7 werden glucose productie en gluconeogenese gemeten tijdens een zes uur durende 

infusiee van glycerol, twee verschillende intraveneuze vet emulsies (Intralipid® of Clinoleic®), of alleen 

glucosee bij prematuren met een normaal gewicht voor de zwangerschapsduur. In de glycerol groep 

werdd geen stimulerend effect gezien op de gluconeogenese, waarschijnlijk doordat de maximale 

gluconeogenesee respons op glycerol al was bereikt met de stabiele isotopen infusie, waardoor een 

verderee toename onder invloed van de ongelabelde glycerol infusie werd belemmerd. Infusie van 

Intralipid®® resulteerde in een toename van de glucose productie ten gevolge van een toename van 

dee gluconeogenese bij prematuren tijdens een lage glucose infusiesnelheid. De toename van de 

gluconeogenesee trad tegelijkertijd op met een stijging van de totale plasma FFA concentratie. De 

gluconeogenesee nam niet toe in de glycerol groep, hetgeen er op duidt dat het stimulerende effect 

vann Intralipid® werd veroorzaakt door FFA. In de Clinoleic® groep werd ook geen stijging van de 

gluconeogenesee waargenomen. Dit suggereert dat alleen meervoudig onverzadigde vetzuren de 

glucosee productie beïnvloeden bij prematuren, in tegenstelling tot enkelvoudig onverzadigde vetzuren. 

Hoofdstukk 8 

Inn dit hoofdstuk worden de resultaten van de studies in dit proefschrift samengevat, de mogelijke 

implicatiess voor de klinische praktijk besproken en aanbevelingen voor toekomstig onderzoek gegeven. 

Dee studies in dit proefschrift toonden aan dat de endogene glucose productie uit zowel 
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gluconeogenesee als glycogenolyse beperkt is bij premature en/of dysmature pasgeborenen in 

vergelijkingg met a terme pasgeborenen met een normaal gewicht voor de zwangerschapsduur. 

Glycogenolysee is de initiële tegenregulerende reactie van het lichaam in antwoord op een daling 

vann de plasma glucose concentratie. Zowel een fysiologische als een farmacologische stimulus 

resulteerdenn in een suboptimale reactie, in verhouding tot de glucose behoefte van de pasgeborene. 

Dezee bevindingen onderstrepen het belang van een adequaat voedingsbeleid bij premature en/of 

dysmaturee pasgeborenen, waarbij plotselinge verlaging van het aanbod van nutriënten dient te 

wordenn vermeden. Daarnaast dienen maatregelen ter preventie of behandeling van hypoglycemic 

voorall toegespitst te worden op het stimuleren van de gluconeogenese, bijvoorbeeld door snelle 

introductiee van een intraveneuze vet emulsie kort na de geboorte. 

Toekomstigg onderzoek zou gericht moeten worden op de evaluatie van een verandering in het 

voedingsbeleidd in de eerste week na de geboorte zoals hierboven genoemd, door middel van een 

gerandomiseerdee gecontroleerde klinische trial met als belangrijkste uitkomstparameters de incidentie 

vann hypo- en hyperglycemic, groei en psychomotore ontwikkeling. Ten tweede werden de effecten 

vann precursor en FFA toediening in dit proefschrift alleen uitgevoerd bij prematuren met een normaal 

geboortegewicht.. Het is niet ondenkbaar dat de resultaten anders zouden zijn bij dysmaturen, en 

verderr onderzoek is noodzakelijk bij deze groep pasgeborenen. Ten derde zijn het glucose en vet 

metabolismee nauw met elkaar verbonden, maar kinetische gegevens van het vet metabolisme bij 

pasgeborenenn zijn zeer schaars. Deze gegevens zijn noodzakelijk voor een volledig begrip van de 

pathofysiologiee van het energie metabolisme bij pasgeborenen. Tevens kunnen kinetische gegevens 

mett betrekking tot het vet metabolisme waardevolle informatie opleveren ten aanzien van de 

mechanismenn betrokken bij het effect van therapeutische toepassingen, zoals toediening van 

(intraveneuze)) vet emulsies. Stabiele isotopen studies kunnen de moglijkheden en beperkingen in 

dee belangrijkste paden van het vetmeta bol isme, lipolyse, ketogenese en lipogenese, bij pasgeborenen 

verderr ophelderen. 
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Dankwoor d d 
Allereerstt gaat mijn dank uit naar alle kinderen die hebben deelgenomen aan dit onderzoek. Ik 

beseff dat ik jullie ouders een lastige beslissing heb laten nemen, meestal op een volslagen ongelegen 

moment.. Ik dank hen voor het in mij gestelde vertrouwen. 

Mijnn promotores en co-promotor dank ik voor de geweldige samenwerking en hun begeleiding: 

Prof.. Dr H.P. Sauerwein, lieve Hans. In alle opzichten ben je een bijzonder mens, zeker ook als 

promotor.. Goethe heeft het omschreven als: "Himmelhoch jauchzend, zum Tode betrübt". Het ene 

momentt suis je onvervaard een zwarte piste af, om je even later vrijwillig op te laten nemen om mijn 

ski-IC'tje.. Uit de sneeuw stap je moeiteloos over in een wiebelige en watermakende korjaal op een 

woestee rivier in de tropen. Aldaar was het Toon Tellegen die een gedicht over je schreef: "Help, ik 

vall en denk al vallend na. Zal ik nog iets roepen, iets van het allergrootst belang dat 

onweerstaanbaarr zal weerkaatsen tegen een overkant?". Ook in de meest onmogelijke situaties 

blijff je nadenken, messcherp analyseren, ontstaan geniale ideeën voor nieuw onderzoek en weet je 

eenn oplossing voor onoplosbare problemen. Hans, heel veel dank voor je onnavolgbare begeleiding! 

Prof.. Dr J.H. Kok, beste Joke. Jouw aandeel in de begeleiding heeft geresulteerd in de perfecte 

balanss met Hans. Je creëerde voor mij de mogelijkheid om naast het klinische werk tijd te kunnen 

bestedenn aan het onderzoek dat geresulteerd heeft in dit proefschrift. Door jouw steun was het 

mogelijkk een voor onze afdeling nieuw type onderzoek te introduceren. Naast al je andere taken 

hebb je de tijd weten te vinden (zelfs in je vakantie!) om alle teksten kritisch te beoordelen en 

minutieuss te corrigeren. Ik hoop van harte dat dit het begin is van een succesvolle onderzoekslijn 

naarr voeding en metabolisme bij pasgeborenen. Joke, heel veel dank! 

Drr Ir M.T. Ackermans, beste Mariëtte. De coördinatie van het opzetten en uitvoeren van de analyses 

iss bij jou in de beste handen. Daarbij weetje alle ingewikkelde technieken en methoden steeds weer 

begrijpelijkk uit te leggen aan een nieuwe generatie onderzoekers. Ook ik heb daar dankbaar gebruik 

vann kunnen maken. Heel veel dank voor je bijdrage als co-promotor aan dit proefschrift. En natuurlijk 

ookk voor alle andere gezellige aktiviteiten naast het werk: uitwaaien (of wegwaaien?) met een vlieger 

opp het strand, ski-vakanties (avonturen in de sleeplift...), kaasfondue, en de opera (altijd rennen!). 

Dee leden van mijn promotiecommissie: Prof. Dr J.B. van Goudoever, Prof. Dr F. Kuipers, Dr A.J. 

Meijer,, Prof. Dr B.T. Poll-The, Dr BJ. Smit en Prof. Dr R.J.A. Wanders. U allen wil ik danken voor de 

bereidheidd dit proefschrift op zijn wetenschappelijke waarde te beoordelen en zitting te nemen in 

dezee promotiecommissie. 
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Allee collega's van de Metabole Groep wil ik hartelijk danken voor de fantastische samenwerking, 

steunn en vooral ook voor de gezelligheid. 

Prof.. dr J.A. Romijn, beste Hans: dank voor je steun en betrokkenheid bij het opzetten van de eerste 

studiess en je opbouwende commentaar op verschillende artikelen. Het was TOP! 

Drr A.F. Meijer, beste Fred: to be is to biochemie. En toch begrijpen die artsen er helemaal niets 

vann Nogmaals dank voor je deelname in mijn promotiecommissie, maar vooral ook voor alle 

extraa college's op het gebied van de biochemie! 

Drss E. Endert, beste Erik: op bewonderenswaardige wijze leidt jij het Endo-lab, dat dan ook eigenlijk 

Endert-labb genoemd zou moeten worden. Veel dank voor je ondersteuning en gezelligheid bij het skiën! 

Saskia,, mijn paranimf' Altijd enthousiast en vol energie. Je hulp en steun bij mijn laatste serie 

proevenn en de voorbereidingen voor de grote dag waren onmisbaar. Bedankt daarvoor en veel 

success met je eigen onderzoek. 

Allee andere metabolo's: Alberto (en Lenka) dank voor de samenwerking, speciaal voor de last-

minutee perfectionering van een presentatie op de ADA, en natuurlijk voor alle gezellige momenten 

binnenn en buiten het AMC. Beste Jesse, jij bent de meest sociale mens op deze wereld! Met jou 

samenwerkenn is altijd een feest, helemaal onder de tropische hemel. Enkele associaties: glucose -

kinderenn met malaria - "iets met immunologie", maar wat? - Suriname - korjalen - moeders in het 

groenn - toepen - bloed M ! - ^ ! ! ! ! ! - heeeeeeeel ver van de bewoonde wereld - kinderarts of 

internist???? Dank ook aan Evelien (jouw studies bij kinderen met malaria vormden de grondslag 

voorr dit proefschrift), Peter B (heb je al een datum?), Fleur (bijna kinderarts! Onmisbare hulp bij mijn 

eerstee proeven). Mare (altijd gezellig!), Gideon (hét informatiecentrum voor culinaire hoogstandjes), 

Mireillee (wat een toestand!), Regje (Finni - Finna - Finno), Felix (the brain), Vincent (meer eiwit op 

dee IC!!) en Hidde (metabolo in het kwadraat). 

Coraa en Tirzah: jullie zijn de motor van het Voedingsteam en leveren daarmee een enorme bijdrage 

inn alles: voedingsadviezen, bijscholing, geestelijke ondersteuning, management, levenswijsheid en 

zekerr ook in gezelligheid! Veel dank! 

Ann en Mignonne: uit minimale hoeveelheden materiaal weten jullie prachtige en bovenal consistente 

resultatenn te toveren! " t .w.m" lijkt niet voor te komen in jullie woordenboek. Heel veel dank voor de 

zorgvuldigee manier waarop jullie met de kostbare druppels zijn omgegaan! 

Gerritt Jan Weverling en Michael Tanck: dankzij jullie zijn de statistische analyses op verantwoorde 

wijzee uitgevoerd. Bedankt! 

Chriss Bor en Katelijne Arts dank ik voor de professionele layout en vormgeving van mijn proefschrift. 
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Dee Bossche periode: 

Dr.. van Olphen, Frans Nabben en Hans Hoekstra: als co-assistent op de Kinderafdeling in het GZG 

hebbenn jullie mijn interesse in de kindergeneeskunde aangewakkerd. Jullie staan dan ook aan de 

basiss van mijn carrière als kinderarts, leder van jullie heeft daar op zijn eigen wijze een belangrijke 

bijdragee aan geleverd. Heel veel dank hiervoor. Ook op het gebied van wetenschappelijk onderzoek 

hebb ik mijn eerste stappen op jullie afdeling gezet. Onderwerp was de relatie tussen peuterdiarrhee, 

appelsapp en fructose malabsorptie, onder de bezielende begeleiding van Hans Hoekstra. Jaren later 

wass ik opnieuw welkom voor de uitvoering van een deel van de studies die zijn beschreven in dit 

proefschrift.. En opnieuw is het onderwerp suiker! Hans, jouw enthousiaste bijdrage heeft het mogelijk 

gemaaktt ook kinderen in Den Bosch te betrekken in mijn onderzoek. Heel veel dank hiervoor. 

Dee verpleegkundigen en secretaresses van de Kinderafdeling wil ik hartelijk danken voor hun steun 

enn medewerking. Jullie hebben een belangrijke bijdrage geleverd aan zowel mijn opleiding to t 

kinderartss als aan het wetenschappelijk onderzoek. Dankzij jullie voelt het nog altijd alsof ik thuis 

komm in Den Bosch! 

Opp deze plaats is het noemen van de MAKZONEL onvermijdelijk! Germ, Wilco en Jeanne, samen 

mett jullie was het een bijzondere tijd in Den Bosch. Ik heb er ontzettend veel goede herinneringen 

aan.. Germ, we zijn gezamelijk begonnen als arts-assistenten op de Kinderafdeling van het GZG en 

hett klikte meteen. Je bent een ideale collega met een fantastisch gevoel voor humor. Lieve Jeanne, 

dankk voor alles wat ik van je geleerd heb; jij was ook een beetje onze "opleider". Tussen alle 

bedrijvenn door nog even een boek geschreven en vooral veel lol gemaakt. Wilco, stabiele isotopen 

studiess in de binnenlanden van Suriname Bijna onvoorstelbaar, maar het is je gelukt! Geweldig 

dat jee mijn paranimf wilt zijn! 

Mijnn collega's van de Intensive Care Neonatologie van het Emma Kinderziekenhuis. Ik wil jullie 

dankenn voor de prettige samenwerking en natuurlijk voor de steun, enthousiasme en betrokkenheid 

bijj mijn onderzoek. Jullie hebben vele taken op je genomen waardoor ik tijd kreeg voor dit onderzoek! 

Datt waardeer ik enorm. 

Bert,, Pieter, Anne DJ en Letty: dankzij jullie inspanningen als kliniekcoördinatoren was de patiëntenzorg 

zoo goed geregeld dat het mogelijk was kinderen te includeren in mijn studies. Veel dank hiervoor! 

Bert,, ik wens je veel succes in Rotterdam. Misschien kunnen we een interuniversitair KADEX-team 

gaann opzetten I Pieter, dank voor de eindeloze reeksen data over voeding (en nog veel meer) die je uit 

PDMSS weet te toveren! Samen met jou en Letty hoop ik de "voedingslijn" verder gestalte te gaan 

geven.. Anne DJ: die dienstlijst een enorme klus, zeker met specifieke wensen zoals "researchtijd". 

Bedanktt hiervoor, en natuurlijk ook voor al je andere bijdragen! Richard de Leeuw: als expert op het 

gebiedd van glucose metabolisme bij pasgeborenen was je betrokken bij de opzet van mijn studies. Je 

steunn en voortdurende interesse in mijn onderzoek waren hartverwarmend. Anton, ik heb lange tijd 

gedachtt dat dierexperimenteel onderzoek geen inclusie-probleem kende. Tot de varkenspest uitbrak 
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Jee hebt dit jaar een geweldig proefschrift afgeleverd en ik wens je alle succes met de opzet van een 

klinischee vervolgstudie. Martin, implementatie: het kost wat, maar dan heb je ook wat! Loekie, Aleid 

enn Adri: voor jullie die vooral werkzaam zijn op de polikliniek moet dit wel een ver-van-je-bed onderzoek 

zijn.. Ik dank jullie voor jullie interesse. Ook dank aan alle (ex)fellows: Hans, Sandra, Filip, Paolo, Clemens, 

Koert,, Ageeth, Mariette, Annique en Philine voor de leuke samenwerking. 

Verpleegkundigenn van H3noord: bedankt voor jullie bijdrage aan al mijn onderzoeksaktiviteiten. 

Julliee steun en hulp was onmisbaar. Ook alle secretaresses en afdelingshulpen van H3noord, 

medewerkerss van de satellietapotheek en de speciaalkeuken wil ik danken voor jullie bijdrage en 

interesse. . 

Lievee papa en mama, als jullie kinderen kwamen wij altijd op de eerste plaats. Ik ben heel dankbaar 

voorr alles wat jullie mij hebben gegeven, maar vooral voor de onvoorwaardelijke liefde en steun. 

Lievee Canies, mijn zusje, natuurl i jk zijn er verschillen, maar we hebben minstens zoveel 

overeenkomsten.. Samen met Rik heb je een geweldig gezin waar wij ons altijd welkom voelen. 

Bedankt! ! 

Lievee Halina, Roberten Mirjam: ook jullie zijn geweldig! 

Lievee Tom, bedankt voor alles!!! 
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1.. Pasgeborenen kunnen een verlaging in het exogene glucose aanbod slechts 

gedeeltelijkk compenseren door een verhoging van de endogene glucose 

productie,, (dit proefschrift) 

2.. De glucose productie capaciteit van prematuren is beperkter dan die van 

aa terme pasgeborenen, (dit proefschrift) 

3.. De zwangerschapsduur heeft een grotere invloed op de glucose productie 

vann pasgeborenen dan het geboortegewicht, (dit proefschrift) 

44 De toename van de glucose p roduc t ie met het vorderen van de 

zwangerschapsduurr wordt (onder meer) gemedieerd via een toename 

vann vrije vetzuren in plasma, (dit proefschrift) 

55 De samenstelling van een intraveneuze vetemulsie is van belang voor het 

effectt op het glucose metabolisme van premature pasgeborenen, (dit 

proefschrift) ) 

6.. De gluconeogenese van premature pasgeborenen wordt wel gestimuleerd 

doorr toediening van de precursor glycerol, maar niet door alanine, (dit 

proefschrift) ) 

7.. Intra-uter iene groeiver t rag ing heeft geen invloed op de g lucagon-

gestimuleerdee glycogenolyse van premature pasgeborenen met een 

postnatalee leeftijd van drie tot zeven dagen, (dit proefschrift) 

8.. Het stimulerend effect op de glucose productie door bepaalde intraveneuze 

vetemulsiess maakt een herevaluatie van de bestaande voedingsprotocollen 

voorr premature pasgeborenen noodzakelijk. 

9.. Gebruikmaking van de automatisering bij het voorschrijven van voeding 

geeftt een verbetering van de kwaliteit van zorg, zich uitend in een toename 

vann het inzicht in de voorgeschreven nutriënten en een afname van 

rekenfouten. . 

10.. Het "primed - continuous infusion" principe zoals gebruikt bij stabiele 

isotopenn studies zou ook toegepast moeten worden bij het voorschrijven 

vann voeding voor zieke pasgeborenen. Het gewenste doel zal daarmee 

snellerr worden bereikt dan bij het nu gangbare patroon volgens een 

"continuouss infusion" zonder prime. 

11.. Het ernstige gebrek aan kennis omtrent de voedingsbehoeften van zieke 

kinderenn zou er toe moeten leiden dat elk voedingsvoorschrif t in 

studieverbandd wordt geëvalueerd. 

12.. Het behandelen van "self-limiting" aandoeningen kan slechts complicaties 

opleveren. . 

13.. You know that the beginning is the most important part of any work, 

especiallyy in the case of a young and tender thing; for that is the time at 

whichh the character is being framed. (Plato, Republic) 
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