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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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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 

13 3 



Chapterr 1 

referencee gestational 
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0,0 0 
0,0 0 

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

0,0 0 
0,0 0 
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0,0 0 
30,88 + 1,7 

0,0 0 

31,44 + 1,7 
33,66  2,2 
31,44 + 1,65 

31,99 + 1,1 
0,0 0 
0,0 0 

22,77 + 1,2 
0,0 0 

18,66  2,6 
0,0 0 
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? ? 

? ? 

34,33  4,7 
52,00 + 6,6 

0,0 0 

0,0 0 
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enterall feeding remarks s 

66 h after last feed 
33 h after last feed 
33 h after last feed 
66 h after last feed 
2-44 h after last feed 
noo enteral feeding 
noo enteral feeding 
noo enteral feeding 
33 h after last feed 
33 h after last feed 
33 h after last feed 

33 h after last feed 
nott stated 
nott stated 
nott stated 
44 h after last feed 
66 h after last feed 
66 h after last feed 
66 h after last feed 
66 h after last feed 
66 h after last feed 
66 h after last feed 
66 h after last feed 
3.5-6.55 h after last feed 
3-44 h after last feed 
3-44 h after last feed 
2.5-3.55 h after last feed 
noo enteral feeding 
noo enteral feeding 
noo enteral feeding 
noo enteral feeding 
noo enteral feeding 
noo enteral feeding 
3.55 h after last feed 
3.55 h after last feed 
33 h after last feed 
33 h after last feed 
>> 3 h after last feed 
>> 3 h after last feed 

>> 3 h after last feed 
33 h after last feed 
noo enteral feeding 
noo enteral feeding 

>> 1 h after last feed 
>> 1 h after last feed 
noo enteral feeding 
noo enteral feeding 

noo or ~8 h after last feed 
noo or ~8 h after last feed 
88 h after last feed 

GPRR in preterm comparable with term 

11 I DM included 

insulinn dependent, 1 AGA, GPR comparable with AGA 
chemicall controlled, GPR comparable with AGA 

GPRR in SGA is comparable with AGA 

noo differences between preterm and term AGA infants 

samee group of infants as next 

samee group of infants as next, GPR: SGA higher than AGA 

samee group of infants as next, GPR: preterm = term 

afterr correction of hypoglycemia, 3 term SGA, 1 preterm AGA 

duringg TPN 
duringg TPN 
GPRR increased sign with gestational age 
GPRR increased sign with gestational age 
abstract,, same group of infants as next 

abstract,, after increasing IV glucose GPR decreased 

theophyllinee treated 
controll group 

duringg glucose + amino acids 
GPRR higher after antenatal steroids 
GPRR higher after antenatal steroids 
10/233 infants received IV glucose 
10/233 infants received IV glucose 
samee group of infants as next 

8 / 1 99 were previously fed; GPR in fed = GPR in fasted 
4 / 1 00 were previousfy fed; GPR higher in fed infants 
alll infants were previously fed 
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sferencee gestational 
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47 7 

48 8 
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agee (wk) 

31,0 0 

32,0 0 
25,8 8 

27,0 0 
27,0 0 
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26,9 9 
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+ + 
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+ + 
+ + 
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+ + 
+ + 
+ + 
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+ + 
+ + 

+ + 

1,0 0 
2,0 0 
0,4 4 

2,0 0 
2,0 0 
28 8 

1,0 0 
1,0 0 

1,5 5 
1,0 0 
2,0 0 

1,0 0 
0,5 5 

1,7 7 
0,9 9 
3,2 2 

1,5 5 
1,1 1 
1,0 0 
1,0 0 

1,0 0 
2,3 3 
2,8 8 
2,2 2 

1,0 0 

1,0 0 
1,0 0 

1,0 0 
1,0 0 

? ? 

? ? 

AGA A 

AGA A 
AGA A 

AGA A 
AGA A 
AGA A 

AGA A 
IDM M 

AGA A 
AGA A 
AGA A 
AGA A 
AGA A 

AGA A 
AGA A 
AGA A 
AGA A 
SGA A 
IDM M 

AGA+SGA A 
AGA+SGA A 
AGA+SGA A 

AGA A 
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). 
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35 5 
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25 5 

20 0 

15 5 

10 0 
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pretermm AGA 
pretermm SGA 
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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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GLUCOSEE , giucose 6-phosphate < >  glucose 1-phosphate > UDP-glucose 

fructosee 6-phosphate 

fructosee 1,6-biphosphate 

glyceraldehydee 3-phosphate  dihydroxyacetone-phosphate < [2- C] GLYCEROL 
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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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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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