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Abstract

 

To determine to what extent intravenous nutrition can re-
duce proteolysis in very immature and normal newborns,
and to assess the capacity of preterm and normal newborns
to convert phenylalanine to tyrosine, phenylalanine and leu-
cine kinetics were measured under basal conditions and
during parenteral nutrition in clinically stable, extremely
premature (

 

z

 

 26 wk of gestation) infants and in normal
term newborns. In response to parenteral nutrition, there
was significantly less suppression (

 

P 

 

,

 

 0.001) of endoge-
nous leucine and phenylalanine rate of appearance in ex-
tremely premature infants compared with term infants.
Phenylalanine utilization for protein synthesis during
parenteral nutrition increased significantly (

 

P 

 

,

 

 0.01) and
by the same magnitude (

 

z

 

 15%) in both extremely prema-
ture and term infants. Phenylalanine was converted to ty-
rosine at substantial rates in both extremely premature and
term infants; however, this conversion rate was significantly
higher (

 

P 

 

,

 

 0.05) in extremely premature infants during
both the basal and parenteral nutrition periods. These data
provide clear evidence that there is no immaturity in the
phenylalanine hydroxylation pathway. Furthermore, al-
though parenteral nutrition appears to produce similar in-
creases in protein synthesis in extremely premature and
term infants, proteolysis is suppressed much less in ex-
tremely premature newborns. The factors responsible for
this apparent resistance to suppression of proteolysis in the
very immature newborn remain to be elucidated. (

 

J. Clin.
Invest.

 

 1996. 97:746–754.) Key words: stable isotope tracers
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Introduction

 

Immature individuals are characterized by high rates of pro-
tein turnover, with the highest rates occurring in the most im-
mature (1–4). These high rates of protein synthesis and pro-
teolysis may be necessary to provide continuous amino acid

availability for remodeling and potential growth. To maintain
and accrete body protein, nutrient intake must affect increases
in protein synthesis, reductions in proteolysis, or both. Reduc-
ing proteolysis in response to nutrient intake is an important
mechanism whereby whole body protein is maintained in
adults (5–8). However, it is unclear at present to what extent
newborns are able to reduce proteolysis in response to nutri-
ent intake. This is an important issue because the preservation
and accretion of whole body protein, although a primary clini-
cal goal, can be difficult to achieve in premature infants.

We have evaluated recently the effect of intravenous glu-
cose infusions on whole body proteolysis in both normal and
extremely premature (

 

z

 

 26 wk of gestation) infants (4, 9). In
contrast to the suppression of proteolysis observed in adults
(5), glucose infusions (with a concomitant increase in insulin
concentrations) affected no changes in whole body proteolysis
in either extremely premature or term newborns (4, 9). More-
over, in term infants, intravenous lipid, alone or in combina-
tion with glucose, also did not reduce proteolysis below basal
values (9). We therefore questioned whether a complete
parenteral nutrition solution (containing glucose, lipid, and
amino acids), delivered in quantities sufficient to support
growth, could successfully suppress proteolysis and thereby
spare endogenous protein stores in either normal or very im-
mature human newborns. We postulated that proteolysis
would be least responsive to nutrient intake in the most imma-
ture. To evaluate this hypothesis, we measured the endoge-
nous rates of appearance of the essential amino acids leucine
and phenylalanine (reflecting proteolysis) in response to
parenteral nutrition in clinically stable, extremely premature
(

 

z

 

 26 wk of gestation) infants and in normal full term infants
within the first few days of life.

In addition to assessing the endogenous release of essential
amino acids, examining the utilization of specific amino acids
in newborns is also important. In particular, determining rates
of phenylalanine hydroxylation to tyrosine in normal and pre-
mature newborns is especially relevant. Tyrosine is an essen-
tial amino acid if active phenylalanine hydroxylation does not
occur; at present, tyrosine is widely considered an essential
amino acid in premature infants (10–12), although some con-
flicting data exists (13, 14). Determining whether or not ty-
rosine is an essential amino acid in prematurity is more than of
academic interest because there is little or no tyrosine in most
commercially available amino acid solutions, and thus tyrosine
for net protein accretion during parenteral nutrition can only
be made available by phenylalanine hydroxylation. We hy-
pothesized that the capacity to convert phenylalanine to ty-
rosine in the basal state and in response to exogenous phenyl-
alanine supply during intravenous nutrition would be reduced
in the very immature. To test this hypothesis, we quantified
phenylalanine hydroxylation and tyrosine rate of appearance
in extremely premature and normal term newborns under
basal conditions and during parenteral nutrition.
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Methods

 

Subjects

 

Studies were approved by the Institutional Review Board of Indiana
University, and written informed consent was obtained from the par-
ents. Study subjects included 8 clinically stable extremely premature
infants (

 

z 

 

26 wk of gestation) and 10 normal full term newborns. The
clinical characteristics of the study subjects are summarized in Table
I. All infants were appropriate for gestational age, had no congenital
anomalies, and were studied at 

 

# 

 

5 d of age. Term infants were clini-
cally normal as determined by physical exam, had uncomplicated
postnatal courses (no birth asphyxia, no supplemental oxygen, no an-
tibiotics), and were tolerating enteral feedings well. Infants in the ex-
tremely premature (EP)

 

1

 

 group were stable on low ventilator settings
and there were no significant changes in these settings for the 24 h be-
fore or after the study. Six of the eight EP infants had previously re-
ceived a course of surfactant replacement therapy based on clinical
and radiographic evidence of respiratory distress syndrome; the re-
maining two had no evidence of surfactant deficiency. None of the EP
subjects had received inotropic support or enteral or parenteral feed-
ings before study. Intravenous glucose was being provided at a rate of
6.67

 

6

 

3.46 mg/kg/min for the 24 h before the study as is typical clinical
practice in EP infants. Each EP infant also had an umbilical arterial
catheter and venous access in place before the study.

 

Protocol

 

Term infants were studied 3–4 h after receiving a normal feeding. A
22-gauge catheter was placed in a superficial vein for the purpose of

drawing blood and a baseline blood sample was obtained. A separate
catheter was placed in the opposite extremity and a priming dose of
tracers (in normal saline), representing 90 min of infusion, was ad-
ministered over 5 min. Thereafter, constant infusions of [1-

 

13

 

C] leu-
cine (7 

 

m

 

mol/kg/h), [d

 

5

 

] phenylalanine (2.5 

 

m

 

mol/kg/h), and [d

 

2

 

] ty-
rosine (1.4 

 

m

 

mol/kg/h) dissolved in normal saline were delivered
through the second venous catheter via an infusion pump (Harvard
Apparatus, Inc., South Natick, MA). Blood samples were obtained at
120, 140, 160, and 180 min. At the end of 180 min of study, term new-
borns had been fasting 6.8

 

6

 

0.6 h. Blood was immediately analyzed
for plasma glucose concentration, and the remainder of the sample
was then frozen at 

 

2

 

70

 

8

 

C for later analysis.
After the 180-min sample, an intravenous solution of glucose (8

mg/kg/min), lipid (165 mg/kg/h) (LiposynIII 10%, Abbott Laborato-
ries, North Chicago, IL), and amino acids (105 mg/kg/h) (Aminosyn-
PF; Abbott Laboratories) was begun and continued for the remaining
2.5 h of the study. The amino acid solution provided 95 

 

m

 

mol/kg/h of
leucine, 27 

 

m

 

mol/kg/h of phenylalanine, and 2.5 

 

m

 

mol/kg/h of ty-
rosine. If this infusion were to continue over a 24-h period, it would
provide 90 kcal/kg, 2.5 grams/kg of protein, 4 grams/kg of lipid, and
11.5 grams/kg of glucose. Blood samples were then obtained at 270,
290, 310, and 330 min, analyzed for plasma glucose, and frozen for
later analysis.

The EP infants had umbilical artery catheter fluids changed to
normal saline at the beginning of the study and a baseline blood sam-
ple was obtained. A priming dose of tracers, also in normal saline and
representing 90 min of infusion, was administered over 5 min through
the venous catheter. A constant infusion of [1-

 

13

 

C] leucine (10 

 

m

 

mol/
kg/h), [d

 

5

 

] phenylalanine (4 

 

m

 

mol/kg/h), and [d

 

2

 

] tyrosine (2 

 

m

 

mol/kg/
h) was then begun and continued throughout the study period. The
rate of tracer infusion in EP infants was slightly higher than those
used in term infants in order to achieve plasma enrichments in the

 

1. 

 

Abbreviations used in this paper:

 

 EP, extremely premature; KIC,
ketoisocaproic acid; PN, parenteral nutrition; Ra, rate of appearance.

 

Table I. Subject Characteristics

 

Subject Sex Gestational age Birth weight Study weight Age at study

Ventilator support during study

PIP PEEP Rate FiO

 

2

 

wk kg kg d cm H

 

2

 

O cm H

 

2

 

O

 

1 M 25 0.684 0.680 2 22 4 45 0.21
2 F 24.5 0.713 0.710 2 14 4 22 0.21
3 F 24.5 0.825 0.790 2 18 4 25 0.21–0.25
4 M 25 1.00 0.865 3 14 4 12 0.21
5 M 27 0.975 0.832 3 14 4 12 0.21
6 M 26 0.853 0.901 1 16 4 16 0.21–0.28
7 M 30 1.12 1.16 5 18 4 30 0.21–0.23
8 F 23.5 0.643 0.490 4 16 4 24 0.21

Mean 25.7 0.852 0.804 2.8
SEM 0.7 0.1 0.1 0.5

9 F 40 3.50 3.53 1
10 F 40 3.54 3.31 2
11 M 39 3.06 2.94 2
12 M 40 4.04 3.72 3
13 F 39 2.81 2.77 1
14 F 39 3.34 3.13 5
15 M 40 3.45 3.17 2
16 F 39 2.90 2.88 2
17 F 40 3.64 3.55 3
18 F 39 3.10 3.06 1
Mean 39.5 3.34 3.21 2.2
SEM 0.2 0.1 0.1 0.4

 

PIP

 

, peak inspiratory pressure; 

 

PEEP

 

, positive end expiratory pressure; 

 

FiO

 

2

 

, fraction of inspired oxygen.
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same range for both groups. The tracers were dissolved in unlabeled
D

 

10

 

W to provide a calculated rate of 6 mg/kg/min glucose. This al-
lowed the total amount of fluid each infant received to remain un-
changed from the prestudy rate. Furthermore, this rate of glucose ad-
ministration maintained constant glucose concentrations, prevented
hypoglycemia, and was designed to achieve glucose and insulin con-
centrations in EP infants similar to those in fasting term newborns.

Blood samples were obtained from the EP infants at 120, 135, and
150 min. After the 150 min sample, intravenous nutrition was begun
delivering glucose, protein, and lipid at rates identical to the term in-
fants and further blood samples obtained at 270, 285, and 300 min.
All blood samples were immediately analyzed for plasma glucose
concentration and then frozen for later analysis. Syringes containing
infusates in both groups were weighed before and after infusion to
quantitate volume actually delivered and each infusate was analyzed
for the concentration of leucine, phenylalanine, and tyrosine.

 

Analytical methods

 

Plasma enrichments. 

 

The plasma enrichments of leucine, phenylala-
nine, tyrosine and 

 

a

 

-ketoisocaproic acid (KIC) were determined by
electron impact ionization and selected ion monitoring on a gas chro-
matograph mass spectrometer (model 5970; Hewlett-Packard Co.,
Palo Alto, CA). The enrichments of plasma leucine, phenylalanine,
and tyrosine were determined by monitoring ions 302 and 303 (leu-
cine), 234 and 239 (phenylalanine), and 466, 468, and 470 (tyrosine)
after derivatization to the tertiary butyldimethylsilyl derivatives (9,
15). The plasma enrichment of KIC was determined after derivatiza-
tion to the 

 

O

 

-trimethylsilylquinoxalinol by monitoring ions 232 and
233 (9, 16). The final value for all determinations was corrected using
an enrichment calibration curve. The mean enrichment values of
three samples (EP infants) or four samples (term infants) taken dur-
ing enrichment plateau in each subject were used for further analysis.

 

Substrate and hormone concentrations. 

 

Plasma glucose concen-
trations were determined by the glucose oxidase method (Yellow
Springs Instruments, Yellow Springs, OH) on all samples obtained;
the coefficient of variation was 

 

,

 

 8% in both groups during the basal
and parenteral nutrition (PN) periods. The average glucose concen-
tration during each of the two periods is reported. Plasma concentra-
tions of amino acids were determined on a Beckman 6300 Amino
Acid Analyzer (Beckman Instruments, Inc., Fullerton, CA). The av-
erage of four determinations during the basal state and four determi-
nations during PN is reported for the term infant group. The coeffi-
cient of variation was 

 

,

 

 7% during the basal and PN periods for
leucine, phenylalanine and tyrosine concentrations. Because only a
limited amount of blood was obtained from EP infants, amino acid
concentrations were measured on only one sample during each of the
two periods. For both groups, plasma insulin concentrations were
measured on one sample during each of the two periods by double
antibody radioimmunoassay.

 

Calculations

 

Plasma enrichments of leucine, phenylalanine, and tyrosine were
used to calculate the rates of appearance of these amino acids. In ad-
dition, leucine rate of appearance was also calculated based upon the
enrichment of KIC, the intracellular transamination product of leu-
cine. This precursor was measured because its plasma enrichment has
been shown to closely approximate intracellular leucine enrichment
(17).

The total rates of appearance of leucine, phenylalanine, and ty-
rosine were each calculated by measuring tracer dilution at steady
state as modified for stable isotopic tracers (18, 19):

;

where 

 

Ra

 

 is the rate of appearance of the amino acid, 

 

EP

 

 is the steady
state enrichment of the specific isotope, and I is the rate of tracer in-
fusion.

Endogenous Ra of leucine and phenylalanine (reflecting proteol-

Ra 100
EP
--------- 1– 

  I×=

 

ysis) were calculated by subtracting the rate of exogenous administra-
tion of unlabeled leucine or phenylalanine from their measured total
Ra (7, 8). Endogenous Ra of leucine was calculated using the unla-
beled leucine infusion and the total leucine Ra based on both KIC en-
richment and leucine enrichment.

Phenylalanine hydroxylation to tyrosine (

 

Q

 

PT

 

) was calculated as
follows (20):

where 

 

2

 

H

 

4

 

 

 

Tyr

 

 and 

 

2

 

H

 

5

 

 

 

Phe

 

 are the isotopic enrichments of the respec-
tive tracers in plasma, and 

 

I

 

Phe

 

 is the infusion rate of tracer phenyl-
alanine (

 

m

 

mol/kg/h). The expression

corrects for the contribution of the phenylalanine tracer infusion
to 

 

Q

 

PT

 

.
Phenylalanine utilization for protein synthesis was calculated by

subtracting 

 

Q

 

PT

 

 from Phe Ra, since phenylalanine is irreversibly lost
either by its degradation pathway via its conversion into tyrosine, or
by incorporation of protein (20, 21).

 

Statistics

 

All results are reported as the mean

 

6

 

SEM. Comparisons within
groups were made using the paired 

 

t

 

 test, and between groups using
ANOVA.

 

Results

 

Glucose, insulin, and amino acid concentrations. 

 

Plasma glu-
cose and insulin concentrations are shown in Table II. Glucose
concentrations were similar in the EP and term infants in both
the basal period and during PN. As expected, glucose concen-
trations increased significantly from basal values in both
groups of infants. Similarly, insulin concentrations also signifi-
cantly increased during PN in both groups. In the basal period,
insulin concentrations were low in both groups, but the small
(

 

z

 

 2 

 

m

 

U/ml) difference in the concentrations was statistically
significant. However, there was no difference in the insulin
concentrations between EP and term infants during PN.

Plasma amino acid concentrations measured during the
studies are shown in Table III. As expected, the plasma con-
centrations of many amino acids, including all of the essential
amino acids, increased during PN in both groups of infants.
However, it is worth noting that tyrosine concentrations did
not significantly change from basal values in either group;
again this was not unexpected in view of the extremely small
amount of tyrosine supplied in the amino acid solution used.

QPT Tyr Ra
H

2
4 Tyr

H
2

5 Phe
-------------------- Phe Ra

IPhe Phe Ra+
--------------------------------×× ;=

Phe Ra
IPhe Phe Ra+
---------------------------------

 

Table II. Glucose and Insulin Concentrations in the Basal 
Period and during PN

 

EP Term

Basal PN Basal PN

 

Glucose 81

 

6

 

6 114

 

6

 

8* 74

 

6

 

13 108

 

6

 

8*
(mg/dl)

Insulin 5

 

6

 

1

 

‡

 

17

 

6

 

5* 3

 

6

 

1 24

 

6

 

5*
(

 

m

 

U/ml)

*

 

P

 

 

 

, 

 

0.01 Basal vs. PN; 

 

‡

 

P

 

 

 

,

 

 0.01 EP vs. Term.
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The concentrations of a number of amino acids were signif-
icantly different between the two groups. In general, when dif-
ferent, amino acid concentrations were higher in the EP group,
more frequently in the PN period. In particular, tyrosine con-
centrations were 2.5-fold greater in EP compared with term
newborns in both the basal and PN periods.

 

Isotopic plateau. 

 

Isotopic steady state was achieved for
[1-

 

13

 

C] KIC, [d

 

5

 

] phenylalanine, [d

 

4

 

] tyrosine, and [d

 

2

 

] tyrosine,
during both periods and in both groups as illustrated by Fig. 1.
Isotopic steady state was also achieved for [1-

 

13

 

C] leucine in
both conditions and in both groups (not shown). The coeffi-

 

Table III. Amino Acid Concentrations in the Basal Period and 
during PN

 

Amino acid

EP Term

Basal PN Basal PN

 

Phe 109

 

6

 

7 153

 

6

 

10* 58

 

6

 

4 74

 

6

 

3*
Leu 96

 

6

 

11 191

 

6

 

15*

 

‡

 

76

 

6

 

5 125

 

6

 

14*
Ile 31

 

6

 

4 91

 

6

 

8* 43

 

6

 

6 88

 

6

 

7*
Val 161

 

6

 

16

 

‡

 

245

 

6

 

13*

 

‡

 

101

 

6

 

16 143

 

6

 

23*
Thr 130

 

6

 

15 193

 

6

 

21* 135614 158614*
Lys 143616 198611*‡ 120611 155613*
Trp 89622 81611 71610 84613*
Met 3065 3965 3263 4363*
His 9068 10165 7267 8866*

Tyr 193645‡ 216647‡ 7569 7968
Cys 2864‡ 2964‡ 1863 1863
Pro 123619 260634* 155613 22769*
Ser 134623 175617* 158615 175612
Arg 4266 9565* 62610 118610*
Ala 124621‡ 233632* 199614 257619*
Gly 217625 269621* 286627 306621
Asp 961 1762*‡ 1061 1261
Asn 5069 4868‡ 4063 3063
Glu 3565‡ 6266*‡ 135624 123614
Gln 374669‡ 485657* 529628 564637

All values are presented in mmol/liter. *P , 0.01 Basal vs. PN; ‡P , 0.05
EP vs. Term.

Figure 1. Tracer enrichments measured during the studies. The box 
on the left corresponds to the basal period and the box on the right 
corresponds to the PN period. Filled boxes, d5 PHE; open circles, 13C 
KIC; filled triangles, d2 Tyr; open diamonds, d4 Tyr.

Table IV. Leucine, Phenylalanine, and Tyrosine Ra in the 
Basal Period and during PN

EP Term

Basal PN Basal PN

Leucine Ra (KIC) 262618 363626*‡ 243613 297614*‡

Leucine Ra (Leu) 184613 297617*‡ 216611 283616*‡

Phenylalanine Ra 8865*‡ 19465*‡ 7563 8363*
Tyrosine Ra 115613‡ 10268‡ 6965 6465§

Leucine Ra is reported based on both the enrichment of KIC and leu-
cine. *P , 0.001 Basal vs. PN; §P , 0.05 Basal vs. PN; ‡P , 0.05 EP vs.
Term.

Figure 2. Endogenous leucine Ra in the basal period (open bars) and 
during PN (filled bars) in EP and term infants. Results are presented 
based on the enrichments of KIC and leucine. wP , 0.01 basal vs. PN. 
Endogenous leucine Ra (KIC) during PN is significantly higher in EP 
compared with term infants (ANOVA; P , 0.05).
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cient of variation at plateau for [1-13C] leucine enrichment was
6% or less for both periods in both groups.

Leucine kinetics. The Ra of leucine determined during the
studies are shown in Table IV; leucine Ra is presented based
on both the enrichment of plasma leucine and the enrichment
of plasma KIC. As expected, leucine Ra increased significantly
in both groups during PN regardless of which precursor en-
richment was used for calculation.

Endogenous leucine Ra (reflecting proteolysis) in the basal
period and in response to PN is shown in Fig. 2. The results are
again presented based on both KIC and leucine enrichment. In
EP infants, endogenous leucine Ra did not significantly change
from basal values in response to PN using either precursor en-
richment (in mmol/kg/h: KIC enrichment basal 262618, PN
267626; LEU enrichment basal 184613, PN 202617). In con-
trast, endogenous leucine Ra significantly decreased from
basal values in term infants as calculated by either KIC or leu-
cine enrichment (in mmol/kg/h: KIC enrichment basal 243613,
PN 202614; LEU enrichment basal 216611, PN 187616). The
degree of suppression of endogenous leucine Ra by PN is
shown in Fig. 3. Regardless of which precursor was used, en-
dogenous leucine Ra was suppressed z 15% in term infants
whereas there was no significant suppression in EP infants dur-
ing PN.

Phenylalanine and tyrosine kinetics. Phenylalanine Ra is
shown in Table IV. Similar to the changes in leucine Ra, there
was a significant increase in phenylalanine Ra during PN in
both groups. In addition, phenylalanine Ra was significantly
greater in EP infants compared with term newborns in both
the basal and PN periods.

Endogenous phenylalanine Ra (reflecting proteolysis) is
shown in Fig. 4. During PN, endogenous phenylalanine Ra was
significantly suppressed from basal values in both EP (basal
8865, PN 7765 mmol/kg/h) and term infants (basal 7563, PN
5663 mmol/kg/h). However, the degree of suppression was sig-
nificantly greater in term infants (Fig. 3); term infants sup-
pressed endogenous phenylalanine Ra 25% compared with
13% observed in EP infants. The degree of suppression based
on phenylalanine kinetics was significantly greater (P , 0.05)
than that based on leucine kinetics (regardless of enrichment
precursor) for both EP and term infants.

Fig. 5 shows phenylalanine used for protein synthesis in the
basal period and in response to PN in both groups. During PN,
phenylalanine used for protein synthesis increased signifi-
cantly in both EP (basal 7164; PN 8264 mmol/kg/h) and term
infants (basal 6362; PN 7162 mmol/kg/h). The magnitude of
this increase (z 15%) was similar for both groups.

Figure 3. Percent suppression of endogenous leucine and phenylala-
nine Ra by PN in EP (hatched bars) and term (shaded bars) new-
borns. Endogenous leucine Ra is presented based on both leucine 
and KIC enrichments. r P , 0.01 EP vs. term.

Figure 4. Endogenous phenylalanine release in the basal period 
(open bars) and during PN (filled bars) in EP and term newborns. wP 
, 0.001 basal vs. PN. Endogenous phenylalanine release is signifi-
cantly higher in EP compared with term infants in both the basal and 
PN periods (ANOVA; P , 0.05).

Figure 5. Phenylalanine utilization for pro-
tein synthesis in the basal period (open bars) 
and during PN (filled bars) in EP (hatched 
bar) and term (shaded bar) newborns. wP , 
0.001 basal vs. PN. Phenylalanine utilization 
for protein synthesis is significantly higher in 
EP compared with term infants in the PN pe-
riod (ANOVA; P , 0.05).
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The rate of phenylalanine hydroxylation to tyrosine is illus-
trated in Fig. 6. During PN, phenylalanine hydroxylation in-
creased significantly in EP (basal 1762; PN 2262 mmol/kg/h)
but not term newborns (basal 1261; PN 1262 mmol/kg/h). In
addition, the rate of phenylalanine hydroxylation was signifi-
cantly higher in EP compared with term infants in both the
basal (P , 0.05) and PN periods (P , 0.01).

The relationship between phenylalanine Ra and phenylala-
nine hydroxylation is shown in Fig. 7 (y 5 0.337x 2 13.7, r2 5
0.63, P , 0.001). This relationship remains significant (P ,
0.01) even if the two groups are considered separately. A simi-
lar but weaker relationship was also observed between phe-
nylalanine concentration and phenylalanine hydroxylation
(y 5 0.08x 1 7.6, r2 5 0.26, P , 0.01).

Tyrosine Ra is shown in Table IV. In response to PN, ty-
rosine Ra was unchanged in EP infants but was significantly
reduced in term infants. Tyrosine Ra was significantly higher
in EP compared with term newborns in both the basal and PN

periods. In both EP and term infants, phenylalanine hydroxy-
lation made an important contribution to overall tyrosine Ra
in the basal state (EP 1561%; term 1761%); this contribution
significantly increased (P , 0.05) during PN in both groups
(EP 2161%; term 1961%). The relationship between tyrosine
Ra and tyrosine concentration is shown in Fig. 8 (y 5 2.84x 2
110, r2 5 0.70, P , 0.001); the relationship remains significant
(P , 0.01) if EP and term infants are analyzed separately.

Discussion

In this study, we have evaluated how parenteral nutrition al-
ters protein kinetics and phenylalanine hydroxylation in ex-
tremely premature and normal full term newborns. The data
demonstrate that proteolysis is suppressed much less by
parenteral nutrition in extremely premature compared with
term newborns. In contrast, both groups of infants increased
protein synthesis by a similar magnitude in response to
parenteral nutrition. In addition, both extremely premature
and normal term newborns actively hydroxylated phenylala-
nine to tyrosine. Furthermore, there appears to be no immatu-
rity in this metabolic pathway as evidenced by higher rates of
phenylalanine hydroxylation in extremely premature com-
pared with term infants, and the ability of extremely prema-
ture infants to increase phenylalanine hydroxylation in re-
sponse to parenteral nutrition.

Although protein kinetics and its regulation have been the
subject of many studies in adults, there is rather limited infor-
mation available in neonates. The neonates of the present
study represent the extremes of viable human development in
early postnatal life. We have previously examined these ex-
tremes of neonatal immaturity with respect to the ability of in-
travenous glucose to suppress proteolysis and glucose produc-
tion (4, 9). In this regard, extremely premature and normal
term newborns are remarkably similar; both groups nearly
completely suppress glucose production during intravenous
glucose administration at moderate levels of glycemia and low
insulin concentrations, and in neither group does intravenous

Figure 6. Phenylalanine hydroxylation rate in the basal state (open 
bars) and during PN (filled bars). wP , 0.001 basal vs. PN. Phenylala-
nine hydroxylation is significantly higher in EP compared with term 
infants in both the basal and PN periods (ANOVA; P , 0.05).

Figure 7. Relationship between phenylalanine hydroxylation and 
phenylalanine Ra. Boxes, EP; circles, Term.

Figure 8. Relationship between tyrosine concentration and tyrosine 
Ra. Boxes, EP; circles, Term.
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glucose result in the suppression of proteolysis, despite three-
fold increases in insulin concentration. However, it seems
likely that such similarities between these two groups at very
different stages of maturity might not persist in response to a
more complete nutrient solution. To assess the effect of neona-
tal immaturity on the response to intravenous nutrition, we at-
tempted to match the conditions under which each of the
groups were studied as closely as possible. The basal period
was designed to result in similar concentrations of glucose and
insulin in both groups. Similar concentrations were in fact
achieved, although the small (z 2 mU/ml) difference in insulin
concentrations between the two groups in the basal state was
statistically significant. We have determined previously that
changes in insulin concentration of this magnitude have no sig-
nificant effect on proteolysis in either extremely premature or
term newborns (4, 9). Thus, the basal period is likely to be
comparable in extremely premature and term infants, at least
with respect to proteolysis. To gauge the response to nutrition,
intravenous substrate was provided to both groups at identical
rates and in sufficient quantities to support growth (22, 23). To
minimize the effect of illness, the most clinically stable individ-
uals in both groups were studied, extremely premature infants
with minimal or no lung disease and no evidence of infection,
and normal healthy full term infants. To control for the effect
of age, both extremely premature and term infants were stud-
ied at the same postnatal age. Although it is difficult to exclude
the influence of all factors other than immaturity, it would
seem that immaturity is the predominant factor contributing to
any differences between the two groups.

Accurately assessing proteolysis is an inherently difficult is-
sue, and the assumptions and limitations involved in modeling
proteolysis have been extensively discussed (24), including
problems which sometimes occur during unlabeled amino acid
infusions (25, 26). Therefore, to provide a more confident esti-
mate of proteolysis, we traced the rates of appearance of two
essential amino acids, leucine and phenylalanine. In addition,
we also measured the enrichment of KIC, which is likely to re-
flect the intracellular enrichment of leucine, thereby provid-
ing a more accurate assessment of whole body proteolysis (17).
The fact that each of these three determinations resulted in the
same conclusion, namely that in response to parenteral nutri-
tion, extremely premature infants suppress proteolysis to a
lesser degree than term infants, lends credibility to the findings.

One particular issue relevant to all tracer amino acid stud-
ies is the potential for isotope recycling. Although some iso-
tope recycling undoubtedly occurred in this study, we believe
it did not significantly bias the results for the following rea-
sons. First, in previous studies of both term and extremely pre-
mature infants receiving intravenous glucose, a recycling effect
was not detected during a 4–5-h isotope infusion, as reflected
by no significant change in enrichment over this period (4, 9).
Second, in this study, the magnitude of isotope recycling is
likely to be minimized by the exogenous infusion of amino ac-
ids (z 30% of flux) during the parenteral nutrition period; this
is supported by the study of Melville et al. in which isotope re-
cycling was unable to be detected during the fed state (27).
Based on these considerations, it seems unlikely that the
changes in proteolysis observed in response to parenteral nu-
trition were substantially influenced by isotope recycling.

We must note that although the leucine and phenylalanine
tracers produced consistent qualitative results, the degrees of
suppression of proteolysis based on these two tracers were dif-

ferent. In both extremely premature and term newborns, the
suppression of proteolysis based on phenylalanine was greater
than that based on leucine, using either leucine or KIC enrich-
ments to calculate leucine rate of appearance. Indeed, using ei-
ther model of leucine kinetics, extremely premature infants ex-
hibited no significant suppression of proteolysis in response to
parenteral nutrition. This discrepancy between leucine and
phenylalanine tracers is not unique to studies of newborns;
these two tracers have produced differing degrees of suppres-
sion of proteolysis in adult studies evaluating the effects of en-
teral feeding and high-dose insulin infusions in normal subjects
(8, 28, 29), and moderate dose insulin infusions in patients with
cirrhosis (30). Interestingly, however, in all of these adult stud-
ies the leucine tracer yielded a higher degree of suppression
than the phenylalanine tracer (8, 28–30), opposite of what was
observed in newborns. The reasons for phenylalanine and leu-
cine kinetics yielding differing magnitudes of suppression are
not clear in either adults or newborns; one possibility is that
proteolysis is affected differently in proteins of differing leu-
cine and phenylalanine content. However, the basic conclu-
sions of the present study regarding the relative differences be-
tween extremely premature and term infants are unlikely to be
altered by the precise resolution of this issue.

The findings of this study are consistent with the concept
that extremely premature infants are resistant to the suppres-
sion of whole body proteolysis. While the precise reasons for
this resistance are not clear, a number of possibilities exist.
First, differences in body composition between extremely pre-
mature and term infants may play a role. Although the relative
contribution of most organs to body weight is rather similar in
extremely premature and term newborns, the protein compo-
sition of specific tissues is different (31), possibly with different
sensitivities to the antiproteolytic effects of intravenous nutri-
tion. Alternatively, extremely premature infants may be much
more sensitive to small imbalances in the intravenous nutrition
solutions. For example, neither cysteine nor tyrosine is present
in significant amounts in the amino acid solution used in this
study; a more balanced mixture of amino acids may be re-
quired to effectively reduce proteolysis in extremely prema-
ture infants. Finally, it is possible that high rates of proteolysis
are a fundamental characteristic of immature individuals, pro-
viding a continuous source of amino acids for remodeling and
growth (1, 2, 4). In this case, all antiproteolytic mediators may
be relatively ineffective in suppressing proteolysis in extremely
immature newborns. Clearly, at this point, these issues remain
to be resolved.

Although changes in proteolysis in response to parenteral
nutrition in extremely premature and term newborns were dif-
ferent, the changes in protein synthesis were not. Protein syn-
thesis increased significantly and by the same magnitude dur-
ing parenteral nutrition in both groups. However, it must be
noted that this estimate of protein synthesis is based solely on
phenylalanine kinetics, unlike the multiple determinations
used to assess proteolysis. Keeping this qualification in mind,
the data are consistent with the notion that the ability to in-
crease whole body protein synthesis in response to intravenous
nutrition is relatively independent of the stage of develop-
ment. Further support of this concept is provided by two previ-
ous studies in premature infants; these studies have also sug-
gested that intravenous nutrition may result in increased
protein synthesis as reflected by leucine kinetics (32, 33).

The capacity of premature infants to adequately convert
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phenylalanine to tyrosine via phenylalanine hydroxylase has
long been questioned. Based on the classic amino acid elimina-
tion studies of Snyderman (34) tyrosine has been widely con-
sidered an essential amino acid in preterm infants (10–12).
However, in studies carried out in human fetal liver, the activ-
ity of phenylalanine hydroxylase approached that of adults
(13, 14). The results of the present study are consistent with
the observations in fetal liver. Both extremely premature and
normal newborns actively hydroxylate phenylalanine to ty-
rosine in the basal state. In fact, on a per kilogram basis, the
basal rate of phenylalanine hydroxylation in normal newborns
is approximately twice that of adults (20), and the basal rate of
phenylalanine hydroxylation in extremely premature infants is
50% higher than in normal newborns. Thus, a significant por-
tion of phenylalanine which appears in the circulation in the
basal period is converted to tyrosine in both extremely prema-
ture and term newborns. Furthermore, in response to par-
enteral nutrition and phenylalanine administration, extremely
premature infants actually increase the rate of conversion of
phenylalanine to tyrosine. These data clearly demonstrate no
developmental immaturity with respect to phenylalanine hy-
droxylation. Moreover, it is apparent that premature infants
have the capacity to supply at least some of their endogenous
tyrosine needs by metabolizing phenylalanine; thus in the
strictest sense, tyrosine is not an essential amino acid in prema-
turity. However, it is not clear from our investigation or any
other available data whether sufficient tyrosine is produced
from phenylalanine in order to support optimal rates of pro-
tein accretion.

It is interesting to point out that although extremely pre-
mature infants significantly increased phenylalanine hydroxy-
lation in response to parenteral nutrition and to phenylalanine
delivery, normal newborns did not. The direct relationship be-
tween plasma phenylalanine rate of appearance and phenyl-
alanine hydroxylation may provide a possible explanation for
this apparent paradox (Fig. 7). This relationship suggests that
the overall availability of phenylalanine may be an important
factor in the hydroxylation rate (35, 36). In normal newborns
who respond to parenteral nutrition with a large reduction in
endogenous phenylalanine release, overall phenylalanine
availability during parenteral nutrition is only slightly in-
creased. On the other hand, extremely premature infants re-
duce endogenous phenylalanine release much less during
parenteral nutrition, and therefore overall phenylalanine
availability is substantially higher during intravenous nutrition.

To determine phenylalanine hydroxylation, we have also
measured tyrosine rate of appearance; these data may provide
some insight into a frequent abnormality of tyrosine metabo-
lism in premature infants. Transient neonatal hypertyrosine-
mia is regarded as the most common abnormality of amino
acid metabolism in humans (37), and can occur even indepen-
dent of exogenous tyrosine intake. Indeed, even though signif-
icant amounts of tyrosine were not provided, the extremely
premature infants in the present study had tyrosine concentra-
tions two- to sixfold higher than normal infants during both the
basal and parenteral nutrition periods. These high plasma ty-
rosine concentrations have been thought to be due to an im-
maturity in the enzyme responsible for tyrosine oxidation (37).
Although this defect in tyrosine catabolism may play a role,
the results of the present study would suggest that the tyrosine
inflow into plasma may also be a significant factor. High con-
centrations of tyrosine observed in the extremely premature

infants were accompanied by high tyrosine rates of appear-
ance; in fact, there was a highly significant positive relationship
between tyrosine concentration and tyrosine rate of appear-
ance (Fig. 8). In view of these data, it is likely that transient
neonatal tyrosinemia is not a simple defect in catabolism, al-
though measurements of tyrosine oxidation in extremely pre-
mature infants will be required to precisely define the relative
roles of tyrosine inflow and catabolism in this condition.

In summary, this study demonstrates that both extremely
premature and term infants are capable of actively converting
phenylalanine to tyrosine, and this conversion rate increases in
response to parenteral nutrition in extremely premature new-
borns. This is clear evidence that there is no immaturity in the
phenylalanine hydroxylation pathway. Both extremely prema-
ture and term infants respond to parenteral nutrition with sim-
ilar significant increases in protein synthesis. In contrast, pro-
teolysis is reduced to a far smaller degree by parenteral
nutrition in extremely premature newborns. The factors re-
sponsible for this apparent resistance to the suppression of
proteolysis in the very immature remain to be elucidated.
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