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1\BSTRAC 

Measurements of whole-body protein turnover in preterm 
infants have been made using different stable isotope methods. 
Large variation in results has been found, which could be due to 
different clinical conditions and/or the use of different tracers. 
We studied 14 appropriate for gestational age and nine small for 
gestational age orally fed preterm infants using C5 N]glycine and 
[1- 13C] leucine simultaneously, which allowed us to make a 
comparison of commonly used methods to calculate whole-body 
protein turnover. Whole-body protein turnover was calculated 
from 15N enrichment in urinary ammonia and urea after [15N]
glycine administration and from the 13C enrichment in expired 
C02 after administration of [1- 13C]leucine. Enrichment of a-ke
toisocaproic acid after [1-13C]leucine constant infusion was mea
sured as a direct parameter of whole-body protein turnover. 
Group means for whole-body protein turnover using [15N]gly
cine or [l- 13 C]leucine ranged from 10 to 14 g·kg- 1·d - 1

, except 
when using the end product method that assumes a correlation 

The use of stable isotopes for measuring metabolic processes 
in vivo has a clear ethical advantage over radioactive isotopes. 
The nonradioactive character allows their use in pregnancy and 
in infants. Schoenheimer eta!. (1) used stable isotopes to study 
protein turnover as early as 1939, but more extensive research 
has been done since the 1970s, when analytical techniques 
improved remarkably (2). From then onward, numerous pro
tein turnover studies have been performed using stable iso
topes, in adults as well as in children. 15N-labeled amino acids 
have been favored for many years in preterm infants because of 
the noninvasive character of the studies. The method allows 
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between leucine oxidation and total nit rogen excretion. We found 
very low 15N enrichment of urinary urea in the majority of small 
for gestational age infants. These infants also had a lower 
nitrogen excretion in urine and oxidized Jess leucine. Nitrogen 
balance was higher in small for gestational age infants ( 416 ±: 25 
mg·kg- t·d- 1

) compared with appropriate for gestational age 
infants (374 ±: 41 mg·kg - 1·d- 1

, p = 0.003). C5 N]Glycine does 
not seem to exchange its label with the body nitrogen pool to a 
significant degree and is therefore not always suitable as a carrier 
for 15N in protein turnover studies in premature infants. (Pediatr 
Res 37: 381-388, 1995) 

Abbreviations 
AGA, appropriate for gestational age 
SGA, small for gestational age 
KICA, ketoisocaproic acid 
IRMS, isotopic ratio mass spectrometer 

quantification of protein metabolism by measurement of iso
tope enrichment in an end product of protein catabolism in 
urine (3- 10). [l-13C]Leucine, another stable isotopic labeled 
tracer, has been used for protein studies in preterm neonates 
more recently, with either the measurement of isotopic enrich
ment of [1-13C]leucine or [13C]a:-KICA in urine (11, 12) or 
plasma (13-17) . The different tracers give different results, i.e. 

for whole-body protein synthes is, rates ranging from 5 
g ·kg- 1

· d -l to 26 g ·kg - t. d -l have been reported, depending 

on clinical and experimental conditions (3, 14). Studies were 
performed comparing different tracers and amino acids in 
adults (18) and in term infants (19) or comparing different 
amino acids with a similar label (8, 9, 20). However, to date 
there are no studies comparing the two most commonly used 
labeled amino acids, [l 5N]glycine and [1- 13C]leucine, in pre
term neonates. 
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The aim of the present study was to measure the protein 
turnover rates in orally fed, growing preterm infants using 
C5N]glycine and [l- 13C]Ieucine simultaneously with measure
ment of enrichment in urin ary NH3 and urea, plasma KICA, 
and expired C02 . 

METHODS 

Patients 

Twenty-three stable, growing preterm infants were studied 
(Table 1 ). SGA infants were defined as infants with a birth 
weight more than 2 SD below the mean birth weight for 
gestation, whereas AGA infants had a birth weight between - 2 
SD and +2 SO according to the charts of Usher and Mcl ean 
(21 ). Gestational age was determined by maternal history and 
Ballard score (22). At the time of the study, the infants had 
been fed for at least 1 wk a preterm formula (Nutricia, Zoe
termeer, The Netherlands) and were on full enteral feedings for 
at least 3 d. As this study is part of a larger study that 
determines metabolic elfects of different energy intakes, infants 
were fed either a formula containing 80 kcal/100 mL or 67 
kcal/1 00 mL. The protein content of both formulas was equal , 
2 .2 g/1 00 mL. 

Inform ed consent from the parents was obtained in all cases, 
and the study had the approval of the local ethics committee. 

Procedures 

Seventy-two-hour nitrogen balance and C5N]glycine whole
body protein turnover studies we re carried out by collection of 
urine in 3-h periods using adhesive bags. Urine was put 
directl y in -20°C, until anal ysis. During this period, the 
feeding was given in a semicontinuous mode (every 15 min an 
aliquot of formula) through a nasogastric tube. [' 5N]Glycine 
(99 atom% excess 15N, MSD, Montreal, Canada) was given in 
hourly intervals at a dosage of 3 mg of [' 5N]glycine· kg - I.d - 1 

through the nasogastric tube . Analysis of 15N enrichment of 
urinary ammonia and urea and total nitrogen excretion was 
performed as previously described (10). Visual inspection was 
used to determine at what time a plateau was reached. The 
he ight of the plateau (delta enrichment) was then calculated by 
substracting the basal enrichment fro m the mean enrichment of 
at least fi ve points (=15 h) at plateau. Nitrogen losses in the 
stools and through the skin were assumed to be I 0% of the 
intake (23-26). 

On the second day of th e [ 15 N]glycine turnover study and 
the nitrogen balance, a prim ed constant oral infusion of 
[I (priming dose 2 mg ·kg ·- I, continuous 2 
mg·kg- 1·h - 1

, 99 atom% excess 13C, Isotcch, Miamisburg, 
OH), with an additional priming of the bicarbonate pool with 
6.9 J.Lmol/kg 13C-Iabelcd sodium bicarbonate (99 atom % ex
cess 13C, lsotcch), was admini s tered for 4 h, using a Harvard 
infusion pump (M22, Harvard Apparatus Co. Inc. , South 
Natick, MA). The formul a was also administered continuously 
during this period. The infants were nursed in a closed circuit 
indirect calorimetry incubator during the [ l- 13C]leucine turn
over study. Rate of C02 excretion was measured and expired 
air was co llected before and during the [1- 13C]lcucine admin-

istration by passing a sample of air leaving the calorimeter 
through an all-glass spiral condenser, containing 10 mL of a 
fresh 1 M NaOH solution (27). After liberating C02 by adding 
phosphoric acid (85 %) to the solution, the 13C0/ 2C02 iso
tope ratio was measured on an isotope ratio/mass spectrometer 
in Rotterdam, the Netherlands (SIRA 10, VG, Winsford, 
Cheshire, UK). 

Three blood samples were drawn, one before the start of the 
study, and two at the end of infusion of [1- 13C]leucine wi th a 
15-min interval. Within 15 min , plasma was stored at -70°C 
until further analysis. The plasma enrichment of KICA was 
measured by gas chromatography/mass spectrometry with 
electron impact and selected ion monitoring in Harrow, UK 
(28). 

Calculations 

Required assumptions and the calculations to provide w hole
body protein turnover rates by methods frequently reported in 
the literature arc briefly presented. Their relative merits w ill be 
di scussed later. 

There are in general two methods to calculate whole-body 
protein turnover with stab le isotope labeled tracers, either 
using 1) enrichment in end products or 2) the direct measure
ment of the plasma enrichment of an essential amino acid. The 
former is based on measurement of labeled urea and am monia 
as end products of protein metabolism in 15N-tracer studies or 
on the excretion of 13C02 in expiratory air that is formed at the 
decarboxylation step as a function of oxidation in 13C-tracer 
studies. Direct measurement of the dilution of a tracer is 
usually performed in plasma or urine. Leucine is an essential 
amino acid that is very often used to assess protein turnover 
with a direct measurement in plasma (13). 

End products and ['5N]glycine. Calculation 1. The mea
surement of protein turnover using C5N]urea enrichment in 
urine relics on the concept that there is a single homogenous 
pool of metabolically active nitrogen in the body (1 ). 15N 
enters this pool by means of 15N-labelcd glycine and is freely 
exchanged between other amino acids. The incorporation of 
nitrogen into protein and urea is assumed to arise from the 
same precursor pool. 

Nitrogen flux (Q) through this pool is calculated by dividing 
the amount of administered tracer (d) by the enrichment in urea 
(IEurcJ (2). This simple model is one of the most commonly 
used methods for studying protein metabolism in preterm 
neonates. 

d 
Ourca = 1-E·--

urca 

(1) 

Calculation 2. The measurement of protein turnover using 
15N-ammonia enrichment in urine is identical to the one de
scribed above, with the only difference of the measurement of 
enrichment in urinary amm on ia instead of urea. 

d 
QNII_, = -IE 

NH:t 
(2) 
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Calculation 3. The single pool model, as used in calculations 
1 and 2, was questioned because of the differences fo und in 
enrichment of urea and ammonia (29, 30). The next simplest 
model with the use of end products is the concept of two 
compartments, from which either urea or ammonia arises. 
Different mathematical estimates of protein turnover can be 
obtained using different assumptions regarding flux rates 
through the compartments and partitioning of the tracer. As
suming an equal partitioning of the tracer dose between the two 
metabolic compartments, the nitrogen flux equals the arith
metic average of the values for flux obtained individually. 

G ammonia + Ourca 
Q arilhmatic uveragc 2 (3) 

Calculation 4. An alternative method to calculate whole
body protein turnover rates based on both urea and ammonia 
enrichment is by using the harmonic mean. The basic assump
tion in this calculation is that the nitrogen flux through the pool 
from which urea is derived is similar to the nitrogen flux 
through the pool from which ammonia is derived, in equation: 

2 
Qharmonic•vcragc = (1/Q . + 1/Q ). (4) 

ammonm urea 

An IRMS is required to measure the 15N enrichment in urinary 
ammonia and urea. 

End products and [1- 13C]leucine. Calculation 5. Within the 
cell, (1-13C] leucine is reversibly deaminated to its keto ana
logue, (13C]a-KICA. Through decarboxylation of (13C]a
KICA to isovaleryi-CoA, 13C0 2 is liberated as a respiratory 
"end product" of leucine oxidation. The latter step is irrevers
ible. 

When using the recovery of label in expiratory air during 
administration of (1- 13C]Ieucine for calculating whole-body 
protein turnover, one assumes that the ratio of oxidation of 
leucine (EL) to total body protein oxidation (EN) is equal to the 
ratio of dietary intake of leucine (IL) to dietary intake of protein 
(IN) (18, 19). In equation: 

(5) 

Total body protein oxidation is measured by the nitrogen 
excretion (EN)· Inasmuch as intake of leucine and total amount 
of nitrogen in the diet can be calculated from the composition 
of the formula and the nitrogen excretion can be measured in 
the urine, the total amount of leucine oxidized can be calcu
lated. 

Leucine oxidation also equals the leucine flux times the 
recovery of label in expiratory air. The equation used for the 
oxidation is: 

(
V COz X IE,0 , ) 

Leucine oxidation = I X c X Q (6) 

where Vco2 is the rate of C0 2 excretion in f.tmol·kg - 1·min- 1 

during the (1-13C]leucine infusion, IEco, is the isotopic enrich
ment of expired C02 at plateau, I is the C1- 13C]leucine infusion 
rate in micromoles of [13C] · kg- 1·min - l , and cis the correction 

factor for bicarbonate retention calculated from the energy 
intake (31). If the leucine oxidation is derived from equation 5, 
and recovery of the label in expiratory air (the first part of 
equation 6) is measured, an estimate of leucine turnover can be 
calculated as leucine oxidation divided by recovery of the 
label. Whole-body protein turnover can be calculated assuming 
that 590 /Lmol of leucine represent 1 g of protein (32). Anal
ogous to the measurement of 15N enrichment in urea or am
monia, the 13C enrichment in expiratory air requires an IRMS 
as we ll. 

Direct measurement and [J.l3C]leucine. Calculation 6. 
With the infusion of (1- 13C]leucine and the measurement of 
labeled a -KICA, one applies the reciprocal pool model to 
calculate whole-body protein turnover (33, 34). The dilution of 
the tracer in plasma is an estimate of the turnover of the amino 
acid, in equation: 

. I - [ - [ 

(
E ) Q = I X -1 f.tmOI . kg . h (7) 

where i is the [ 1-13C] leucine infusion rate (J.Lmol· kg- 1 
• h- 1 

), 

E; is the isotopic enrichment of the (1- 13C]leucine infused 
(atom% excess), and EP is the isotopic enrichment of a -KICA 
in plasma. Leucine flux is extrapolated to whole-body protein 
turnover using again the assumption that 1 g of protein contains 
of 590 f.tmOI of leucine. 

The 13C enrichment of a-KICA is measured by a gas 
chromatograph mass spectrometer. To calculate whole-body 
protein synthesis and breakdown from whole-body protein 
turnover the equation used is 

Q=S+E=I+B (8) 

Assuming a constant pool size, nitrogen leaving the pool [for 
protein synthesis (S) and urinary excretion (E)] should equal 
nitrogen entering the pool (from dietary intake (I) and from 
protein breakdown (B)]. With the measurement of total nitro
gen excretion and nitrogen intake, both synthesis and break
down rates can be obtained if the flux (Q) is known. Values for 
whole body protein are calculated by multiplying the nitrogen 
data by a factor of 6.25. 

Calculation 7. lf one does not want to extrapolate to whole
body protein rates, other terms are used that arc directly 
derived from data obtained by leuci ne turnover studies . Non
oxidative disposal (NOD, a measure of protein synthesis) and 
leucine released from proteins (LRP, a measure of protein 
breakdown) can be calculated according to the following equa
tion : 

QLcu = OXLcu + NOD Lcu = ILcu + LRP (9) 

Again, these leucine turnover rates can be extrapolated to 
whole-body protein turnover rates (28). It is not needed to 
measure nitrogen excretion using this calculation. Both an 
IRMS and a gas chromatography mass spectrometry are 
needed to measure the 13C enrichment in expiratory air and the 
13C enrichment in a -KICA, respectively . 
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Statistics 

Data are presented as mean :±: 1 SD. The differences be
tween the estimates of whole-body protein turnover rates with 
the six different methods were analyzed by one-way analysis of 
variance with the Bonferroni correction for multiple tests. 
Correlations between measurements were tested with Spear
man rank correlation tests. Statistical significance was set at a 
level of fJ < 0.05. 

RESULTS 

The AGA and SGA infants differed in birth weight, gesta
tional age, and weight at study (Table 1 ). Because we did not 
find a significant effect of energy intake on whole-body protein 
turnover, we did not subdivide the AGA and SGA infants into 
different energy intake groups. As shown, both energy intake 
and protein intake were not diffe ren t between AGA and SGA 
infants. Glycine and leucine intakes, calculated from the amino 
acid composi tion provided by the manufacturer, were 32 :±: 1 
11-mol ·kg- 1·h- 1 (58 :±: 2 mg ·kg - 1·d - 1

) and 107 :±: 4 
11-mol ·kg- 1·h- 1 (339 :±: 13 mg·kg- 1·d- 1

) , respectively. All 
infants were growing at the time of the stud y, with no statis
tica lly significant differences between the groups (Table 1 ) . 

We fo und plateaus in the enrichment of expiratory C02 after 
1-2 h of infusion (Fig. 1) (coefficient of varia
tion 3.3% ). Enrichment of urinary ammonia usually reached 
plateau between 12 and 30 h (coefficient of variation for AGA 
infants 8.0%, for SGA infants 6.7% ), whereas urinary urea 
enri ch ment showed a plateau between 48 and 72 h (coefficient 
of variation for AGA infants 7.2% ). No significant enrichment 
and/or plateau of urea was found in the majority of the SGA 
infants (seven out of nine). Those infants had, compared with 
the infants who showed a plateau in urinary urea enrichment, a 
lower study weight (1.3 :±: 0.1 versus 1.5 :±: 0.2 kg, p = 0.01) 
and higher gestational age (32 :±: 2 versus 30 :±: 1 wk, p = 

0.005), but they were also younger at the time of the study 
(22 :±: 4 versus 30 :±: 8 d, p = 0.03) and had a lower leucine 
ox idation (48 :±: 16 versus 71 :±: 22 f.Lmol·kg- 1·h - 1

, p = 

0.025). 
Whole-body protein turnover rates ranged from 10 to 14 

g· kg -- l.d- 1
, except for the rate calculated from the urinary 

nitrogen excretion and the enrichment of expiratory C02 (cal
culation 5), which was much lower than all of the other 
estimations (p < 0.0001 , Tab le 2). Whole-body protein turn
over based on enrichment in C5N]ammonia was lower than 

Table 1. Clinical characteristics of the infants 
-------------

Birth we ight (kg) 

Gesta tional age (w k) 
Age a t stud y (d) 

We ight a t s tud y (kg) 
Weight gain (g·kg '·cl 1

) 

Energy intake (kcal·kg '·d 1
) 

Protein intake (g·kg 1 -d -- 1
) 

----
''' p < 0.05 , AGA vs SGA infants. 
"[" f! < 0.0 I , AGA vs SGA infants. 

AGA 
(n = 14) 

1.2 ::': 0.2 

29 ::': 1 

29 ::': 8 

15 ::': 0.2 

16.3 ::': 3.1 
110 ::': 10 
3.2 ::': 0.1 

SGA 

(n = 9) 

1.0 ::': 0.2"' 

32 ::': 2i' 
24 ::': 6 

1.2 ::': 0.1 -;-
17.3 ::': 2.1 
lOti ::': 12 

3.2 ::': 0.2 

0.020 

0.015 

0.010 

"' 

0.000 0--------'------'---

0 2 3 4 5 

hours 

Figure 1. An example of enri chment in expiratory air after a [1 - '-'C] Ieucine 
infusion. 

whole-body protein turnover calculated using enrichment in 
plasma a-KICA (Table 2) (p = 0.024), both being, however, 
in the range of 10-14 g·kg- 1·d- 1

• 

Table 3 denotes the relation between the turnover rates from 
the different calculations calculated for the individual patients. 
Only turnover rates calculated from the a-KICA enrichment 
and from the harmonic average of turnovers based on enrich
ment of urinary ammonia and urea showed a weak positive 
correlation. 

Leucine kinetics are shown in Table 4. We found no corre
lation between the nitrogen excretion and leucine oxidation 
(r = 0.12). Leucine balance was 32 :±: 22 f.Lmol· kg- 1

- h- I for 
AGA infants and 4 7 :±: 15 0mol · kg - 1 

• h- 1 for SGA infants 
(p = 0.13). 

Differences in whole-body protein turnover between AGA 
and SGA infants were found using onl y calculation 2 (enrich
ment NH3), with a higher turnover in SGA infants. SGA 
infants had lower nitrogen excretion rates than AGA infa nts 
(94 :±: 18 mg·kg- 1·d - 1 SGA versus 142 :±: 42 mg·kg - 1 ·d - 1 

AGA, p = 0.001 ). Nitrogen balance in SGA infants was 
s ignificantly higher in SGA infants compared with AGA in
fants (416 :±: 25 mg· kg - 1·d - 1 SGA infants versus 374 :±: 41 
mg· kg - 1·d- 1 AGA infants, p = 0.003) 

DISCUSSION 

The advantage of methods based on end products is the 
noninvasive character of the studies. This is especially impor
tant for studies in preterm infants with a limit to the amount of 
blood that can be drawn for study purposes. Except for the 
difference between end product measurement versus direct 
measurement, it is also possible to make a distinction between 
the methods relating to the tracer used ([15N]glycine versus 
[1-13C] leucine) . The calculat ion of whole-body protein turn
over from the turnover of the total amino acid pool as is done 
using C5 N]glycine (calculations 1- 4) or from the kinetics of a 
specific amino acid (calculations 5 and 6) is different. The 15N 
end product method assumes a labeling of the total amino acid 
pool by means of exchange of nitrogen between the metabol
ically active amino acids. The assumptions in case of calcula
tions with the use of [1- uCJ!eucine are different. Because 
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Table 2. Rates of whole-body protein flux, protein synthesis, and protein breakdown estimated fro m difFerent tracers and calculations 

AGA 
- - --- ----

SGA 

s 
End products 

1 Urea 
2 NH 3 ''' 

3 Arithmatic average 
4 Harmonic average 

5 C0 2 :j: 

Direct 
6 KICA"' 
7 KICA + C0 2 '' 

Q 

12.6 :!: 2.0 

10.4:!: 1.1 

ll .S :!: 1.3 
11.3 :!: 1.2 

6.0 :!: 2.2 

14.0 :!: 3.0 

14.0 :!: 3.0 

s 

11.7 :!: 2.2 

9.5 :!: 1.2 

LO.G :!: 1.5 
10.4 :!: 1.4 

5. 1 :!: 2.0 

13.1 :!: 3.1 
11.2:!: 2.4 

B 

9. 7:!: 2.0 

7.5 :!: 1.1 

8.6:!: 1.3 

8.4 :!: 1.2 
3.1 :!: 2.2 

11.1 :!: 3.0 

9.9:!: 3.0 

Q 

12.9:!: 2.6·f· 

4.7:!: 1.2 

13.4:!:5.2 
13.4 :!: 5.2 

12.3:!: 2.6·f· 

4.1 :!: l.l 

12.8:!: 5. 1 
11.2 :!: 4.5 

B 

10.0 :!: 2.6-j-

1.8 :!: I. I 

10.5 :!: 5.0 
9.3 :!: 5.0 

All rates arc given in grams of protein per kil ogram per da y. 1, Administration of [ '-'NJglycinc and measurement of [' ' N)urca enrichment ; 2, administration 
of [15 N]glycinc and measurement of " N-ammonia enrichment ; 3, administration of [ " N]glycinc and laking an arithmet ic mean of l and 2; 4, administration of 
[

15 N]glycinc and ta king a harmonic mean of 1 and 2; 5 , administration of [1 - 13C]lcucine and measuring the enrichmen t in expiratory air; 6, administration of 
[1- 13C] leucine and measuring the enrichment in plasma. Synthes is and breakdown rates are obtained from the nitrogen excretion and protei n intake; 7, 
administration of [1- 13C]leucine and measuring the enrichment in plasma and in expiratory air. Synthes is and breakdown rates arc ob tai ned from equat ion 9. Q, 

protein turnover; S, prote in synthesis; B, prote in breakdow n. 
* Dirfercncc at P < 0.05 between calculation 3 vs 6 and 7. 

'I Significant difference between AGA and SGA infants at P < (l.05. 

t Signi ficant dilference between ca lcu lation 5 and the others at P < 0.000 I. 

Table 3. Relative percentage of protein turnover and correlations between protein turnover in individual patients 

Qurca Qammo 11 ia Q a rit hmalk: average Qh<1nnon ic <lvo..: r;tgL.: Oco . QKICA 

Spearman rank correlation coeffi cient 

Qu ro..: n 

O :•rnnum ia 

Q ar ilhnw li c 

Qh:1r mon ic avcJ'<lgt: 

Oco, 
QKICA 

123 :!: 6 
110:!: 2 
112 :!: 3 

239 :!: 23 
94:!: 6 

0.35 

90:!: 2 

92:!: 2 
234 :!: 21 
89 :!: 6 

0.84 
0.76 

102 :!: ] 

218 :!: 20 
85 :!: 5 

0.78 -0.04 0.22 
0.83 -0.52''' 0.05 

0.98 -01 5 0.47 
-0.26 0.49'' 

2 15 ::':: 20 0.14 
84 ::':: 5 43 :!: 4 

Relative protein turnover in percentages (x :!: SEM) 

The relative percentage of protein turnover (x/y) is depicted in the left lower half of the table, the corre lations between prote in turnover in individual pat ients 
(Spearman) are shown in the upper right hal f of the table. 

* Signilicance at P < 0.05. 

Table 4. Leucine kinetics in AGA and SGA infants 

Turnover (f.LI110 l· kg 1 
• h- 1

) 

Recovery of 1' C in expired air (%) 
Oxidation (f.Lrnol· kg- 1 • h _ ,) 
Nonox idativc disposal 

(f.Lmol· kg - 1 • h _ ,) 

Leucine release fro m prote in 
(f-L1110l · kg - 1 • h- 1) 

AGA 

345 :!: 74 

20 :!: 4 
70 ::':: 22 

275 :!: GO 

243:!: 74 

SGA 

329 :!: 127 

17 ::':: 2 

54:!: 18 
275 :!: 11 0 

228 ::':: 123 

Nonox idalive disposal re presents prote in synthes is, leucine release from 
protein is analogous to protein breakdown. 

leucine is an essential amino acid, it is assumed that the rate of 
appearance of leucine (a-KICA) is a reflection of release of all 
amino acids from body proteins, because there is no de novo 
synthesis of leucine. Both methods have their limitations. 

Glycine. The C5N]glycine method assumes that the total 
active body pool of amino acids consists of one or two 
metabolically active pools from which urea and ammonia are 
derived. The label 15N enters the pool and is assumed to be 
rapidly exchanged between all metabolica lly active amino 
acids . Urea and ammonia are assumed to be arising from this 
pool. Urea is synthes ized in the liver via the urea cycle (35). 
Nitrogen enters this cycle by carbamoylphosphate and aspar
tate. Nitrogen for aspartate arises from the a amino group of 

glutamate and the nitrogen for carbamoy !phosphate is derived 
from ammonia. The latter could be derived from the amide 
groups of glutamine and asparagine or by degradation reactions 
of serine, threonine, histidine, glycine, and methionine. Am
monia from the bacterial decomposition of urea in the gut can 
also be a significant precursor. Glutamate receives its nitrogen 
from the majority of amino acids, but not from glycine and 
serine, during the following rapid conversion that is mediated 
by glutamate transaminase: a-amino acid + a-ketoglutarate¢:> 
a -keto acid + glutamate. Nitrogen in the urea molecule could 
therefore be derived from many different am ino acids. 

Glycine and serine are readily transformed into one another. 
In addition glycine may arise from threonine by a specific 
aldolase enzyme or from choline. However, the two las t path
ways are not likely to be quantitatively important (36). Glycine 
does not transaminate with glutamate as shown by Jackson and 
Golden (37) who observed no enrichment of glutamate during 
continuous infusion of [l 5N]glycine. However, Matthews et al. 
(38) showed labeled ni trogen in glutamate after [ t5N]glycine 
administration, but a majority of the amino acids were not 
significantly enriched. Nitrogen (labeled) from glycine will 
probably not exchange to a great ex tent with a large group of 
amino acids via transamination that is considered to be a major 
pathway for rapid nitrogen transfe r. For these reasons, doubt 
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can be raised whether glycine is a suitable carrier to introduce 
labeled nitrogen in the metabolic nitrogen pool. 

Glycine is deaminated via the glycine cleavage system, with 
the release of free ammonia (39). Dud a and Handler ( 40) 
showed that free ammonia is considerably more rapidly incor
porated into the amide position of glutamine than into any 
other nitrogenous component of liver. After administration of 
amide N-labcled glutamine, the isotope appeared only slowly 
in urea or glutamic acid. Other studies have shown that urinary 
ammonia is mainly produced from the amide N of glutamine in 
the kidney (41-43). A rapid transfer of glycine nitrogen to 
urinary ammonia via glutamine is therefore to be expected as 
was observed in both SGA and AGA infants in the present 
study. The question remains why we did not find enrichment of 
urinary urea in SGA infants. 

SGA infants had lower rates of urinary nitrogen excretion, of 
which urea is the major component, suggesting that the urea 
synthesis rate was lower in this group. Regulation of the urea 
production might be a nitrogen conservation mechanism, oc
curring to a greater extent in SGA infants than in AGA infants. 
This hypothesis is supported by the indices of protein turnover. 
The efficiency of protein gain (leucine retention divided by 
leucine turnover) was significantly higher in infants who 
showed low urea enrichments [21 :::'::: 11 % (low urea enrich
ment) versus 10 :::'::: 8% (plateau in urea enrichment), p = 0.03]. 
This is in accordance with the original work of Picou and 
Taylor-Roberts (2) , who also showed a higher protein synthe
sis/protein turnover (S/Q) ratio in malnourished patients, and 
also in accordance with Cauderay et al. (44) who showed a 
more efficient protein gain/protein synthesis ratio in SGA 
infants. ln this context, SGA infants can also be considered as 
malnourished infants. Pencharz et al. ( 45), however, reported 
similar S/Q ratios in SGA and AGA infants . Cauderay et al. 
used C5N]glycine, but reported significant urinary urea enrich
ments in all SGA infants in contrast to the findings in the 
present study . However, they administered very large amounts 
of [15N]glycine, 30 mg·kg- 1·d - 1

, which is no longer a tracer 
dose and may have resulted in an overload of glycine. 

Glycine is a major component of heme and is also important 
for purine synthesis, whereas carbamoyl phosphate and aspar
tate, both urea cycle intermediates, are used for the synthesis of 
pyrimidines. With an increased need for those components, a 
large part of label could follow that pathway with a resulting 
low enrichment of urea. Purines are degraded to uric acid and 
with the degradation of pyrimidines, the amino group will be 
removed by transamination. 

In conclusion, we can assume that ammonia and a significant 
part of urea nitrogen arise from very different pools of amino 
acids, and it is therefore not surprising that differences are 
obtained using both methods as has been suggested by Water
low et al. (46) . Averaging the results obtained via ammonia 
and urea enrichment, as is done in calculation 3 and 4, is likely 
to be incorrect as well for the same reasons as discussed above. 
The original concept of rapid exchange of the nitrogen of 
glyci ne with other amino acids does not appear to be valid, 
suggesting that protein turnover as assessed by C5 N]glycine is 
unlikely to accurately represent whole-body protein turnover. 

Leucine. The original model for quantification of leucine 
kinetics assumes a single pool from which leucine is used for 
protein synthesis and into which it enters from protein break
down. Leucine turnover rate is calculated from the isotope 
dilution of the labeled leucine in plasma. The fundamental 
problem with this model is that the leucine tracer is infused into 
and sampled from plasma, whereas it is metabolized within the 
cells. Because leucine is transaminated reversibly within the 
cell to a -KICA, the enrichment of a-KlCA reflects the intra
cellular enrichment of leucine ( 4 7). Recent animal studies have 
shown a very good agreement of plasma a-KlCA enrichment 
and intracellular leucine enrichment ( 48, 49). The enrichment 
of a-KICA after [1-13C]leucine infusion seems therefore a 
good reflection of the precursor pool for protein synthesis 
within the cell. Recent studies have shown that a multipool 
model gives the best fit for the intracellular turnover. The 
multipool model demands, however, many sample points and 
is therefore hardly feasible in premature infants. In specific 
circumstances the reciprocal pool model has found to be in 
good agreement with a seven-pool model that can be con
structed from simultaneous infusion of labeled leucine and 
a-KICA (50, 51). It is unclear whether data obtained for 
leucine kinetics can be extrapolated to whole-body protein 
turnover, synthesis, and breakdown, because leucine is pre
dominantly metabolized in the muscle, and therefore may not 
be the best representative of protein metabolism in other 
organs. However other amino acids like tyrosine are metabo
lized mainly in the liver and will therefore not represent muscle 
protein metabolism. In general we can state that no single 
amino acid will represent whole-body protein turnover because 
whole-body protein consists of heterogenous pools of amino 
acids with different rates of turnover and possibly different 
amino acid composition. 

Comparison of calculations. From the above it is clear that 
a comparison of methods, to decide which of the methods is 
" best," may not be meaningful, because calculations based on 
enrichment of urea, ammonia, and a-KlCA are reflections of 
different processes. 

The end product method of estimation of whole-body pro
tein turnover from urinary nitrogen excretion and from expi
ratory C02 after [1- 13C]leucine administration (calculation 5) 
gave results that were significantly lower compared with all the 
other calculations. This calculation assumes a correlation be
tween leucine oxidation and nitrogen excretion in urine. We 
measured the leucine oxidation quantitatively and found that 
the leucine oxidation did not correlate with the urinary nitrogen 
excretion. Hence, this calculation is not suitable for the esti
mation of whole-body protein turnover in this group of pa
tients, although it has been used in preterm infants (19) and 
elderly patients (18). The total amount of leucine oxidation 
could be influenced by the diet, because the leucine concen
tration of the protein in the diet exceeded the leucine tissue 
concentration in our study. This could have led to an increased 
leucine oxidation, but not to a difference in oxidation between 
AGA and SGA infants because both groups received the same 
amount of protein . 

Although most group means were not significantly different, 
the turnover rates obtained by measurement of plasma a-KICA 
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enrichment (calculations 6 and 7) were higher than the other 
rates. The duration of tracer administration is much shorter 
compared with the duration of C5N]glycine administration. 
Recycling of the tracer in the latter experiments could increase 
the enrichment, with a corresponding lower turnover rate. 
Estimation of recycling of C5N]glycine by Cauderay et al. ( 44) 
was 20% after 72 h of infusion, whereas Schwenk et al. (52) 
calculate 30% recycling of a labeled essential amino acid after 
24 h of infusion. 

Methodology. Some mcthodologic questions can be raised 
regarding the present study. First, a plateau in KICA enrich
ment cannot be defined on two blood samples. However, we 
found it unethical to take more than three blood samples from 
premature infants just for study purposes. Furthermore, we 
found a plateau in enrichment of expiratory cob which means 
a plateau in enrichment of the precursor of COb KICA. 

Second, urine collection via bags might be a source of error 
in measuring nitrogen excretion. However, by measuring the 
change of weight of every diaper, it is possible to extrapolate 
the measured nitrogen content of the collected urine to the total 
urine production to calculate the total urinary nitrogen excre
tion. A source of error in calculated urinary nitrogen excretion 
would affect only the results of calculation 5, because this 
calculation is dependent on nitrogen excretion for calculating 
protein flux. Direct measurements of tracer dilution arc used in 
all other calculations, which makes model dependent issues 
more likely to explain the differences found in protein fluxes. 

Route of tracer administration. In this study, we adminis
tered the tracer by the same route as the feed. Some consider
ations have to be made when using intragastric infusion of 
label. The intestinal absorption must be known. The C5N]gly
cine excretion in feces has been measured before and is 
0.3-3% of the intake (2, 8). Another possible confounding 
factor is the uptake in the splanchnic area. With a considerable 
uptake of tracer and tracee in the splanchnic area, the amount 
of tracer that reaches the circulation is reduced. Subsequently, 
this amount is more easily diluted by the systemic flux, result
ing in a lower enrichment. Both protein turnover and proteol
ysis could therefore be overestimated. 

Conclusions. In SGA infants, urinary ammonia becomes 
enriched after continuous administration of C5N]glycine. Uri
nary urea shows hardly any enrichment, which might be due to 
a decreased rate of label transfer from glycine to urea. This 
suggests a protein-sparing mechanism in SGA infants that is 
supported by a decreased nitrogen excretion and a decreased 
leucine oxidation found in this group of infants. Group aver
ages for whole-body protein turnover in orally fed preterm 
infants ranged between 10 and 14 g·kg- 1·d- 1

, except for the 
calculation based upon a correlation of leucine oxidation and 
nitrogen excretion. Leucine oxidation is not correlated with 
nitrogen excretion. We found no correlation between whole
body protein turnover measurements with [ 15N]glycine or 
[1- 13C]lcucine within individual patients. 
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