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Abstract 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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Glucosee production in response to glucagon in preterm infants 

Introduction 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. 

Methods 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 Figure 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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Results 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 

Figuree 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. 

Figuree 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). 

Discussion 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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Figuree 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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Glucosee production in response to glucagon in preterm infants 

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 

111 1 



Chapterr 5 

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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