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Abstract
Effect of intravenous amino acids on glutamine and protein kinetics in low-birth-weight preterm
infants during the immediate neonatal period. Am J Physiol Endocrinol Metab 290: E622-E630,
2006. First published November 1, 2005; doi:10.1152/ajpendo.00274.2005.—Glutamine may be a
conditionally essential amino acid in low-birth-weight (LBW) preterm neonates. Exogenously
administered amino acids, by providing anaplerotic carbon into the tricarboxylic acid cycle, could
result in greater cataplerotic efflux and glutamine de novo synthesis. The effect of dose and duration
of amino acid infusion on glutamine and nitrogen (N) kinetics was examined in LBW infants in the
period immediately after birth. Preterm neonates (<32 weeks gestation, birth weights 809-1,755 g)
were randomized to initially receive either 480 or 960 μmol·kg-1·h-1 of an intravenous amino acid
solution for 19 -24 hours, followed by a higher or lower amino acid load for either5hor 24 h.
Glutamine de novo synthesis, leucine N, phenylalanine, and urea kinetics were determined using
stable isotopic tracers. An increase in amino acid infusion from 480 to 960 μmol·kg-1·h-1 for 5 h
resulted in decreased glutamine de novo synthesis in every neonate (384.4 ± 38.0 to 368.9 ± 38.2
μmol·kg-1·h-1, P < 0.01) and a lower whole body rate of proteolysis (P < 0.001) and urea synthesis
(P < 0.001). However, when the increased amino acid infusion was extended for 24 h, glutamine de
novo synthesis increased (369.7 ± 92.6 to 483.4 ± 97.5 μmol·kg-1·h-1, P < 0.001), whole body rate
of proteolysis did not change, and urea production increased. Decreasing the amino acid load resulted
in a decrease in glutamine rate of appearance (Ra) and leucine N Ra, but had no effect on phenylalanine
Ra. Acutely stressed LBW infants responded to an increase in amino acid load by transiently
suppressing whole body rate of glutamine synthesis, proteolysis, and oxidation of protein. The
mechanisms of this transient effect on whole body protein/nitrogen metabolism remain unknown.
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GLUTAMINE IS A NONESSENTIAL AMINO ACID that is synthesized by every tissue in
the body. It is the most abundant amino acid in the intracellular and extracellular compartments.
Glutamine serves as a major interorgan shuttle of carbon and nitrogen (6), participates in several
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key metabolic processes (31), and is a primary oxidative fuel for enterocytes (25) and
lymphocytes (17). Glutamine pools may decrease under times of illness or stress (3,4,8,15),
and it has been suggested that glutamine becomes conditionally essential (13), such as might
occur during the immediate neonatal period in preterm infants. Several clinical studies have
evaluated the efficacy of glutamine supplementation in reducing mortality and certain
morbidities in preterm neonates, with equivocal results (14,16,22,27,29). However, a recent
study demonstrated that intravenous glutamine, given as part of the total parenteral nutrition
(TPN), can reduce whole body proteolysis in LBW preterm infants at 1 wk of life (10). Because
current parenteral amino acid solutions do not contain glutamine, a method to increase de novo
glutamine synthesis might be useful and could provide a clinical benefit to the preterm neonate.

Glutamine can be synthesized de novo from glutamate by glutamine synthetase (30).
Cataplerotic efflux of α-ketoglutarate carbons from the tricarboxylic acid (TCA) cycle with
subsequent transamination with branched-chain amino acids leads to glutamate synthesis
(18). The cataplerotic efflux of TCA cycle intermediates is balanced by an influx of carbon
termed anaplerosis. Various amino acids can serve in anaplerosis. Therefore, an increase in
anaplerotic influx of amino acid carbons into the TCA cycle by increased administration of
amino acids could result in greater de novo glutamine synthesis.

Although an increase in administered amino acids would seem to be a reasonable strategy to
increase de novo glutamine synthesis, the additional amino acids may be oxidized and not
utilized for protein synthesis, especially in low-birth-weight preterm infants who are stressed
or acutely ill in the immediate neonatal period. Therefore, we hypothesize that an increased
dose of intravenous amino acids during the immediate neonatal period will result in increased
de novo glutamine synthesis and will largely be oxidized and not utilized for protein synthesis.
In the present study, by employing a randomized design and stable isotopic tracers, we have
examined the effect of increasing or decreasing the amino acid load on whole body leucine
nitrogen (N), glutamine, and urea kinetics. The effect of an increased or decreased dose of
amino acids on glutamine, urea, and protein kinetics was examined over a short period (5 h)
and over an extended period (24 h) of infusion of the amino acids. The latter was done to ensure
that the data obtained in the short study was not the consequence of a lack of isotopic
equilibrium in glutamine and urea pools. In addition, because whole body protein breakdown
is a significant endogenous contributor to the anaplerotic flux, the whole body rate of
proteolysis was quantified by measuring whole body rate of phenylalanine turnover.

METHODS
Subjects

Preterm neonates <48 h after birth with gestational age ≤32 wk and birth weight between 750
and 2,000 g were eligible for participation in the study protocol. Neonates with congenital or
chromosome anomalies requiring high-frequency ventilation or inotropic support, suspected
perinatal-neonatal asphyxia, or mothers who used β-blockers antenatally were excluded. The
study was conducted in the Neonatal Intensive Care Unit at MetroHealth Medical Center
(MHMC), Case Western Reserve University. After permission was obtained from the attending
neonatologist in charge of each infant’s clinical care (never one of the study investigators),
written informed consent was obtained from the infant’s mother (and both parents when
possible). The study was approved by the Institutional Review Board of MHMC and met all
applicable Health Insurance Portability and Accountability Act standards.

Twenty-six neonates were randomized into the study protocol. Two subjects were withdrawn
after randomization and after receiving the study TPN solution for the following clinical
reasons: one developed significant respiratory distress requiring intubation immediately
preceding collection of final blood sample during tracer isotope infusion, and the other
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developed a persistent and significant hypernatremia. Two subjects were withdrawn for
technical reasons. Of the remaining 22 neonates, 12 completed the short study and 10 completed
the extended study.

There were no differences between any groups for the gestational age, birth weight, median 5-
min APGAR score, score of neonatal acute physiology (SNAP), or age at initiation of the study
protocol. A majority (14 of 22) of the neonates were on mechanical ventilation or supplemental
oxygen (18 of 22). None of the study subjects received vasopressor agents during the study
and none had blood culture-positive sepsis.

Study protocol
Study subjects were randomized to receive an amino acid infusion of either 480 or 960
μmol·kg-1·h-1 (equaling 1.5 or 3.0 g·kg-1·day-1, respectively) as part of their TPN.
Commercially available amino acid solution TrophAmine was used (B. Braun Medical, Irvine,
CA). TrophAmine contains no glutamine. The amino acid composition of TrophAmine and
infusion rates of each amino acid are given in Table 1. The amino acid infusion was started
within 48 h after birth. All infants were receiving intravenous glucose (∼6-8 mg·kg-1·min-1)
before the study protocol was initiated. Only three infants were receiving parenteral amino
acids before the study was started, and no infant received enteral nutrition before or during the
study. The clinical care of the infants was managed by the clinical service and not by the study
investigators. The glucose load remained constant for any individual subject during the study
and ranged between 6 and 8 mg·kg-1·min-1. All study subjects received 0.5 g·kg-1·day-1 fat
emulsion (Intralipid; Baxter Healthcare, Deer-field, IL). The study was divided into two
components: a “short” and an “extended” study, with a crossover design employed for each
(Fig. 1, A and B). For the short study, the subjects received the initial amino acid infusion for
19 h (1.5 or 3.0 g · kg-1·day-1, depending on randomization), followed by the other infusion
(1.5 or 3.0 g·kg-1·d-1) for 5 h. For the extended study, the study subjects received each of the
amino acid infusions for 24 h.

Tracer infusion
Stable isotope-labeled phenylalanine, urea, and leucine were purchased from Merck (Dorval,
QC, Canada), and the stable isotope-labeled glutamine was purchased from Cambridge Isotope
Laoratories (Andover, MA). Each stable isotopic tracer was ≥98% atom enriched
for 15N, 13C, or 2H and tested for sterility and pyrogenicity. Each tracer was administered
intravenously by prime-constant rate infusion at the following rates: L-[2H5]phenylalanine
(prime 6 μmol/kg, constant rate 4 μmol · kg-1 · h-1), L-[1-13C,15N]leucine (prime 7.5 μmol/kg,
constant rate 7.5 μmol · kg-1 · h-1), [15N2]urea (prime 33 μmol/kg, constant rate 3.3 μmol ·
kg-1 · h-1), and L-[5-15N]glutamine (prime 30 μmol/kg, constant rate 30 μmol · kg-1 · h-1). For
the short study, the tracer infusion was begun at time 0 and infused for a total of 9 h (Fig.
1A); for the extended study, the tracer infusion lasted 4h on each day (Fig. 1B). The rate of the
tracer infusion was confirmed gravimetrically at the end of each study, with the same tubing
and infusion pump being used.

Blood sampling
For the short study, blood was obtained in heparinized tubes before (time 0) and at 3.5, 3.75,
and 4.0 h after the isotopic tracer infusion was begun. After the 4.0-h sample was obtained, the
amino acid infusion was changed, and then blood was sampled again at 8.0, 8.5, and 9.0 h. As
with the short study, blood was sampled before (time 0) and after the tracer infusion was begun
at 3.5, 3.75, and 4.0 h on the 1st and 2nd days. Blood was sampled from an existing umbilical
artery catheter (placed for clinical reasons) or from an indwelling 24-gauge angiocatheter. The
amount of blood sampled did not exceed the limit set by the MHMC Institutional Review Board
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(4.0 ml/kg body wt or <5% of the estimated total blood volume of 80 ml/kg). The catheters
were kept patent by infusing 0.45% NaCl plus heparin (0.5 U/ml).

Analytical methods
Plasma amino acid concentrations were determined using precolumn o-phthaldialdehyde
derivatization and reverse-phase HPLC (28). Glutamate levels are not reported in the short
study because the glutamate peak migration times were inconsistent for these samples. The
concentration of each amino acid in the tracer infusion solution was determined using the same
method. Insulin concentrations were determined in heparinized plasma by using an ELISA kit
(Linco Research, St. Charles, MO). The sensitivity of the assay allowed for good discrimination
of insulin values between 2 and 10 μU/ml. The total cortisol concentration in plasma was
measured using the Coat-A-Count radioimmunoassay kit (Diagnostic Products, Los Angeles,
CA). The assay was linear between 1 and 50 μg/dl. Blood glucose levels were measured by
the glucose oxidase method by using a YSI 2300 Stat Glucose Lactate analyzer (YSI, Yellow
Springs, OH). Urea nitrogen concentration was measured by the urease method with a BUN
Analyzer 2 (Beckman Instruments, Fullerton, CA).

The methods for measuring the enrichment (molar percent excess) of stable isotopic tracers in
plasma have been previously described from our laboratory (11,19,20). Briefly, plasma was
deproteinized by using 10% trichloroacetic acid and having it stored at -80°C until analysis.
The amino acids and urea were isolated by ion exchange chromatography and specific
derivatives for each were prepared. The enrichments of the amino acid and urea derivatives
were then determined by gas chromatography-mass spectroscopy. Standard solutions of known
enrichments were run simultaneously to correct for instrumental variations.

Calculations
The rates of appearance (Ra) in plasma of phenylalanine, urea, leucine, and glutamine were
determined by tracer dilution, with Ra = I × [(Ei/Ep) -1]. I is the rate of tracer infusion (in
μmol·kg-1·h-1), Ei is the enrichment of the infusate amino acid, and Ep is the enrichment in
plasma of the anylate amino acid. For urea and each amino acid tracer, an isotopic steady state
was achieved. The endogenous rate of appearance of phenylalanine was determined by
subtracting the exogenously delivered phenylalanine from the total Ra. TrophAmine delivers
18.2 or 36.4 μmol·kg-1·h-1 of phenylalanine when the amino acids are infused at 1.5 or 3.0
g·kg-1·h-1, respectively (Table 1). The endogenous phenylalanine Ra in plasma gives an
estimate of the rate of breakdown of whole body protein (9). The total glutamine Ra measures
glutamine derived from both protein breakdown and de novo synthesis. Because glutamine
and phenylalanine exist in a molar ratio of 1.07:1 in mixed muscle protein (12,26), and
assuming this ratio is constant, then glutamine Ra from protein breakdown = 1.07 × endogenous
phenylalanine Ra, and de novo glutamine synthesis = total glutamine Ra-glutamine Ra from
protein breakdown.

Statistics
All data are reported as means ± SD. A paired Student’s t-test was used where appropriate.
Associations between variables were determined by calculating the Pearson correlation
coefficient. Statistical analyses were performed using a commercial software (Statistix 7.0
Analytical Software, Tallahassee, FL). A value of P < 0.05 was considered statistically
significant.
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RESULTS
Demographic and clinical characteristics

The demographic and clinical characteristics of the study subjects in the various groups shown
in Table 2 were comparable. In the short study, seven subjects were randomized to receive 1.5
g·kg-1·day-1 amino acid infusion for 19 h and then switched to 3.0 g·kg-1·day-1 for 5 h; five
received 3.0 g·kg-1·day-1 for 19 h and then switched to 1.5 g·kg-1·day-1 for 5 h. In the extended
study, five babies received the 1.5 g·kg-1·day-1 amino acid infusion for 24 h and were then
switched to 3.0 g·kg-1·day-1 for 24 h; another five neonates received 3.0 g·kg-1·day-1 for 24 h
and then 1.5 g·kg-1·day-1 for 24 h.

The fluid and energy intakes of the study subjects are shown in Table 3. On the basis of the
clinical practice at our institution, the intravenous nonprotein energy intake remained low
(∼40 kcal·kg-1·day-1) during the initial 48 -72 h after birth and was not different between any
of the groups. The actual amino acid intakes for each group were close to those that were
planned.

There were no differences in blood oxygen levels or acid-base status (pH and bicarbonate)
between any of the groups (Table 4). Renal function, as assessed by determination of blood
urea nitrogen and plasma creatinine, was also not different between any of the groups.

Blood glucose, plasma insulin, and plasma total cortisol concentrations
Blood glucose, plasma insulin, and plasma total cortisol concentrations were measured near
the completion of each respective amino acid infusion. There were no statistically significant
differences in these levels during different doses of administered intravenous amino acids
(Table 5).

Plasma amino acid concentrations
The plasma concentrations of each essential amino acid increased when the amino acid infusion
was increased in both the short and extended studies (Table 6). For the branched-chain amino
acids, this increase was proportional to the amino acid load. Despite the absence of glutamine
in the TrophAmine solution, plasma glutamine levels increased in all neonates, with a mean
increase of 83 μmol/l for the short study and 180 μmol/l for the extended study. With the
exception of asparagine, the other nonessential amino acid levels also increased. Switching to
the lower amino acid infusion for 5 h did not causes changes in glutamine levels. However,
the plasma glutamine concentration decreased significantly (P < 0.05) in all neonates when
the lower amino acid infusion was given for 24 h (during the extended study; Table 6).

Phenylalanine kinetics
The whole body rate of protein breakdown was determined by measuring the Ra of
phenylalanine in the blood (Table 7). The endogenous Ra of phenylalanine decreased
significantly from 60.4 ± 13.9 to 51.2 ± 14.2 μmol·kg-1·h-1 (P < 0.001) in all seven neonates
when the amino acid infusion was increased from 1.5 to 3.0 g·kg-1·day-1 for 5 h (Table 7).
When the infusion was extended to 24 h, the phenylalanine Ra decreased in four of five
neonates, but the decrease (from 65.5 ± 14.3 to 61.0 ± 9.1 μmol·kg-1·h-1) was not statistically
significant. Lowering the amino acid infusion to 1.5 g·kg-1·day-1 from the initial 3.0
g·kg-1·day-1 in either the short or the extended study did not have any effect on phenylalanine
Ra.
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Urea kinetics
The Ra of urea was determined as a measure of irreversible whole body loss of nitrogen. The
Ra of urea decreased during the short study in all subjects when the amino acid infusion was
increased from 1.5 to 3.0 g·kg-1·day-1 (P < 0.001; Table 7). By contrast, extended infusion of
a higher amino acid load for 24 h resulted in a significantly higher rate of urea synthesis (P <
0.01). For the neonates initially receiving 3.0 g · kg-1 · day-1 in the short study, urea synthesis
decreased when the amino acid infusion was decreased, although no significant change in urea
synthesis was seen when the lower amino acid infusion was given for 24 h.

Leucine N kinetics
Leucine N Ra increased when the amino acid infusion was increased in every study subject in
both the short study (from 340.7 ± 38.0 to 427.4 ± 35.4 μmol·kg-1·h-1, P<0.001) and in the
extended study (from 390.9 ± 84.2 to 542.6 ± 170.8 μmol·kg-1·h-1, P<0.05; Table 8). Leucine
N Ra decreased when the amino acid load was lowered in either the short or extended study.

Glutamine kinetics
The total Ra of glutamine represents the glutamine derived from both whole body protein
breakdown and de novo synthesis. The total Ra of glutamine decreased in the short study when
the amino acid infusion was increased from 1.5 to 3.0 g·kg-1·day-1 (449.0 ± 37.8 to 423.7 ±
37.2 μmol·kg-1·h-1, P<0.001; Table 8). A decrease in total glutamine Ra occurred in all seven
neonates. By contrast, the greater amino acid infusion for 24 h was associated with higher total
glutamine Ra. It increased from 439.7 ± 97.9 to 548.6 ± 102.6 μmol·kg-1·h-1 (P<0.01).
However, for those neonates receiving the greater amino acid infusion initially, the total
glutamine Ra decreased in both the short and extended study when the rate of infusion of amino
acids was decreased. The rate of de novo glutamine synthesis was calculated by subtracting
the glutamine derived from protein breakdown from the total Ra. The de novo glutamine
synthesis decreased in every neonate when the amino acid load was increased from 1.5 to 3.0
g·kg-1·day-1 for 5 h (384.4 ± 38.0 to 368.9 ± 38.2 μmol·kg-1·h-1, P<0.01). However, when the
greater amino acid infusion was given for 24 h, de novo glutamine synthesis significantly
increased in every neonate (P<0.001). De novo glutamine synthesis also was higher when a
greater amino acid load was initially administered in both the short and extended studies and
decreased with a lower rate of amino acid infusion (Table 8).

Correlations
Plasma insulin and cortisol levels did not correlate with endogenous phenylalanine Ra, de novo
glutamine synthesis, leucine N Ra, or urea Ra (data not shown).

DISCUSSION
Data from the present study show that LBW infants in the first few days after birth respond to
an increase in exogenous amino acid administration by suppressing proteolysis and protein
oxidation. However, the suppressive effect of increased amino acid load on protein breakdown
was evident only acutely and was not seen when examined at 24 h of continued amino acid
infusion. The rate of whole body protein degradation, irreversible nitrogen loss, and de novo
glutamine synthesis appeared to be regulated by both the amount and duration of an intravenous
amino acid infusion. An increased amino acid load given for a short period of time (5 h)
suppressed the rate of whole body proteolysis. This suppression was associated with decreased
urea and glutamine synthesis. The effect was transient, however, because when the increased
amino acid infusion was given for an extended period (24 h), there was no change in proteolysis,
and urea synthesis increased. The increased amino acid infusion for 24 h also resulted in an

Kadrofske et al. Page 6

Am J Physiol Endocrinol Metab. Author manuscript; available in PMC 2007 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



increase in de novo glutamine synthesis. Leucine N flux was related to the amount of the amino
acid load, irrespective of the duration of the infusion.

The higher amino acid load from 480 to 960 μmol·kg-1·h-1 (1.5 to 3.0 g·kg-1·day-1) in the
extended study resulted in an ∼25% molar increase in glutamine production rate, along with
an ∼75% molar increase in urea production. Although the present studies were not designed
to examine a detailed stoichiometry of nitrogen balance, these data suggest that most of the
additional amino acid load given was oxidized with concomitant irreversible nitrogen loss.
This large oxidative consumption of intravenous amino acids may have been related to the
inability to utilize the administered amino acids for protein synthesis or the low total energy
intake and clinical acuity of the study subjects. Despite this, de novo glutamine synthesis
increased. It is unknown whether a further incremental increase in amino acid load or an
increase in the duration of the infusion would result in additional glutamine synthesis or a
change in proteolysis in this selected population of preterm neonates.

The rate of de novo glutamine synthesis was calculated by subtracting the estimated rate of
glutamine release from proteolysis from total glutamine Ra measured by tracer isotope dilution.
Glutamine and phenylalanine are released, during proteolysis, in proportion to their relative
composition in the body proteins. Because skeletal muscle is the largest depot of body proteins
and is the largest contributor to phenylalanine Ra, we, like other investigators (12,26), used the
relative relationship of phenylalanine and glutamine in skeletal muscle protein (1:1.07) to
quantify the rate of release of glutamine from proteolysis in vivo. On the basis of these
assumptions, whole body proteolysis contributed ∼15% to total glutamine Ra, and the majority
(∼85%) of the total glutamine flux was contributed by de novo glutamine synthesis.

A number of other proteins with different relative phenylalanine and glutamine composition,
compared with skeletal muscle proteins, contribute to the whole body protein turnover and,
therefore, to the estimated phenylalanine Ra. An increase or decrease in the flux of these
proteins could influence our estimates of contribution of proteolysis to glutamine Ra.
Nevertheless, because the total mass of these proteins is relatively small compared with skeletal
muscle, and because the contribution of de novo glutamine synthesis is relatively large, a
change in the flux of these other proteins is likely to have negligible impact on the estimates
of the rate of de novo glutamine synthesis, which is largely determined by the rate of anaplerotic
flux or the rate of exogenous amino acid infusion.

A decrease in whole body proteolysis in response to a greater amino acid load, although seen
only transiently in the present study, was comparable with certain previous reports in the
literature. For example, decreased proteolysis occurred after a short (2.5 h) infusion of an amino
acid solution in extremely premature, acutely ill neonates shortly after birth (∼3 days) (7).
However, Poindexter et al. (24) demonstrated that, in more clinically stable LBW preterm
infants at ∼6 days after birth, proteolysis was not suppressed when 1.2 g·kg-1·day-1 of an amino
acid solution was given intravenously for 2.5 h after a glucose infusion alone. When this amino
acid load was increased further to 2.4 g·kg-1·day-1 for 2.5 h, there was also no change in
proteolysis. The differences seen in these reports might be related to differences in the acuity,
gestational age, the birth weights of the respective patient populations studied, or the very short
study period. The same authors demonstrated that proteolysis is decreased in healthy, stable-
term newborns in response to an increased amino acid load (7,23).

It has been suggested that glutamine is a conditionally essential amino acid during illness or
stress (13). In the present study, the response to different amino acid loads was studied by 48
h after birth and completed no later than 90 h after birth. During this period of extrauterine
transition, most of these neonates required mechanical ventilation and oxygen supplementation
and were receiving low total energy and fluids. Despite this, de novo glutamine synthesis
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increased if greater carbon and nitrogen substrates were provided. It remains unclear, however,
whether this degree of increased glutamine production is sufficient to meet the body’s
metabolic demand for glutamine. Plasma levels of glutamine also increased significantly, even
in the short study after 5 h, and continued to rise with an increased load for 24 h. Because the
total glutamine Ra and de novo glutamine synthesis decreased in the short study, yet plasma
glutamine levels increased, it suggests a shift in the regulation of glutamine transport into or
from skeletal muscle in response to a greater amino acid load.

The transient change in whole body glutamine and nitrogen metabolism may be the result of
a differential utilization of exogenously administered amino acids (Fig. 2). Increased amino
acids delivered intravenously acutely caused suppression of proteolysis, resulting in less amino
acids entering the TCA cycle, and that resulted in lower glutamine and urea flux. By contrast,
after prolonged infusion of amino acids, protein turnover remained unchanged, resulting in
increased anaplerotic entry of amino acids into the TCA cycle and consequently increasing
cataplerotic efflux as de novo glutamine and urea synthesis. The regulatory mechanism of
differential utilization of amino acids to and away from protein synthesis in relation to amino
acid load and duration of amino acid infusion remains unknown.

Increase in amino acid load from 1.5 to 3 g caused a suppression in the whole body rate of
proteolysis, glutamine, and urea synthesis. Such an effect was transient and disappeared when
the amino acids were infused at a higher rate for a prolonged period. The suppression of
proteolysis and the overall conservation of nitrogen (lower urea synthesis) are consistent with
the data in several studies in postabsorptive adults showing a similar response to amino acid
load (1,2). However, only one study in adults has examined the response to prolonged amino
acid infusion (5). Their data show that in response to an intravenous amino acid infusion of
162 mg·kg-1·h-1 (or 3.9 g·kg-1·day-1), there was an increase in skeletal muscle protein synthesis
beginning after 30 min of infusion, reaching a peak after 2h (∼2.8 times the basal value) and
then declining rapidly to the basal value, which suggests that muscle protein synthesis responds
rapidly to increased availability of amino acids but is then inhibited despite continued
availability of amino acids. These data suggest that the acute response to increased amino acid
availability may be directed towards the repletion or maintenance of protein mass, and that
after such repletion, the additional amino acids are directed towards oxidative metabolism, as
was observed in our extended study. It is possible that further accretion of nitrogen after the
acute needs are met with would require accretion of new tissue, a relatively slow process that
is not measurable by the present technique. In addition, these data also suggest that strategies
towards TPN administration for LBW infants should be reexamined, and perhaps a cyclic
administration, low dose followed by a higher dose, may be more beneficial for overall protein
accretion.

The effect of a lower dose of amino acid infusion (3.0 g to 1.5 g) had the anticipated effect of
a lower rate of leucine N turnover and a lower rate of de novo glutamine synthesis (Table 8),
which suggests that de novo glutamine synthesis is regulated by the anaplerotic carbon and
nitrogen input into the TCA cycle. Lowering the amino acid dose did not have any significant
impact on the whole body rate of protein breakdown (phenylalanine Ra; Table 7) or on the rate
of oxidation of protein (urea Ra). Because the rate of proteolysis and protein oxidation did not
increase in response to the lower dose of amino acids, these data suggest that the amino acids
at 1.5 g·kg-1·day-1, although insufficient for nitrogen accretion, might be sufficient to meet the
other metabolic requirements of these infants.

Although amino acids are a secretagogue for insulin, we did not observe any significant effect
of amino acid load on plasma insulin levels. In addition, there was no correlation between
plasma insulin levels and any of the measured parameters of nitrogen kinetics. Data in adults
and infants have shown that acute infusion of amino acids suppresses proteolysis and that the
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addition of insulin did not have any synergistic effect on this response (1,2). Because the plasma
amino acid levels in the present study were higher than those observed in fasting full-term
babies, whether the preexisting higher insulin levels contributed to the response to amino acids
cannot be ascertained from the present data.

The present study may provide a metabolic and mechanistic rationale for understanding
whether glutamine should be supplemented in parenteral nutrition. We (10) have recently
demonstrated that glutamine supplementation for 3 days decreases whole body protein
breakdown in clinically stable LBW preterm infants. Together with the results from the present
study, we speculate that glutamine supplementation may abrogate the need to increase TCA
cycle anaplerotic influx and cataplerotic efflux required for de novo glutamine synthesis,
thereby “saving” the increased amino acids for protein synthesis. In this regard, glutamine
supplementation might particularly benefit acutely ill preterm neonates.

In summary, we demonstrate that de novo glutamine synthesis increases when a greater
intravenous amino acid infusion is given for an extended period of time to LBW infants in the
immediate neonatal period. In addition, the rates of whole body proteolysis and urea synthesis
are transiently suppressed with a greater amino acid load. These results are similar to another
recent study we did (21) of more clinically stable LBW preterm infants. These data provide
the basis for further studies on the mechanism of regulation of proteolysis by amino acids and
whole body conservation of nitrogen in LBW infants.

These data do not permit estimates of the infants’ capacity to synthesize glutamine, except that
they were able to synthesize glutamine, possibly from infused amino acid. In addition, the data
show that the rate of glutamine synthesis was effected by the change in protein flux in response
to amino acid infusion.
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Fig. 1.
Schematic of study design. A: short study. B: extended study. AA, amino acids.
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Fig. 2.
Proposed model for utilization of AA based upon length of intravenous AA infusion in preterm
neonates. Large dark arrows schematically represent observed results from the present study.
Increased AA delivered intravenously for a short time (5 h) caused suppression of proteolysis,
resulting in less AA entering tricarboxylic acid (TCA) cycle and lower glutamine and urea
flux. By contrast, after extended (24 h) infusion of AA, protein turnover was unchanged,
resulting in increased anaplerotic entry of AA into the TCA cycle and increased cataplerotic
efflux as de novo glutamine and urea synthesis. BCAA, branched-chain amino acids; α-KG,
α-ketoglutarate; N, nitrogen.
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Table 1.
Composition and rate of delivery of parenteral amino acids*

TrophAmine, g/100 ml 1.5 g·kg-1·day-1, μmol·kg-1·h-1 3.0 g·kg-1·day-1, μmol·kg-1·h-1

Leucine 1.40 66.8 133.6
Isoleucine 0.82 39.1 78.2
Valine 0.78 41.7 83.3
Lysine 0.82 34.9 69.7
Phenylalanine 0.48 18.2 36.4
Tryptophan 0.20 6.1 12.3
Threonine 0.42 22.1 44.1
Methionine 0.34 14.0 28.0
Histidine 0.48 19.2 38.5
Glutamate 0.50 21.4 42.8
Arginine 1.20 42.9 85.7
Alanine 0.54 37.9 75.8
Aspartate 0.32 15.2 30.3
Glycine 0.36 30.0 60.0
Tyrosine 0.24 8.3 16.6
Proline 0.68 37.0 73.9
Serine 0.38 22.6 45.2
Taurine 0.03 1.2 2.5
Total 9.99 478.6 956.9

*
Cysteine added to final solution as cysteine hydrochloride at 40 mg/g total protein for both groups.
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Table 2
Demographic and clinical characteristics of study subjects

1.5 to 3.0 g·kg-1·day-1* 3.0 to 1.5 g·kg-1·day-1†

Short Study (n = 7) Extended Study (n =
5) Short Study (n = 5) Extended Study (n =

5)

Gestational age, wk 29.4 ± 2.4 28.6 ± 2.5 30.4 ± 1.7 29.4 ± 2.0
Birth weight, g 1,234 ± 282 1,047 ± 229 1,360 ± 273 1,173 ± 259
Median 5 min Apgar score
(range) 8 (5-9) 9 (6-10) 9 (5-9) 8 (6-9)
Median SNAP (range) 8 (1-18) 8 (1-18) 9 (5-21) 9 (5-21)
Age (h) at start of AA infusion
(range) 37.7 ± 12.1 (18-48) 31.6 ± 11.4 (19-44) 31.0 ± 15.3 (15-48) 28.0 ± 7.9 (18-37)

Data presented are means ± SD, unless otherwise indicated. SNAP, score of neonatal acute physiology; AA, amino acid. Short study indicates that initial
AA infusion was given for 19 h and then switched to a different amino acid infusion for the next 5 h. Extended study indicates that initial AA infusion
was given for 24 h and then switched to a different AA infusion for the next 24 h.

*
Received 1.5 g·kg-1·day-1 AA infusion and then switched to 3.0 g·kg-1·day-1.

†
Received 3.0 g·kg-1·day-1 initially and then switched to 1.5 g·kg-1·day-1. There were no statistically significant differences between the groups for the

given variables.
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