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Gluconeogenesis partially depends on sufficient precursor supply, and plasma alanine concentrations are generally low in

preterm infants. Stimulation of gluconeogenesis may contribute to the prevention of hypoglycemia, an important clinical

problem in these infants. In this study we evaluated the effect of extra precursor supply on gluconeogenesis in preterm

infants. In 11 infants, gestational age < 32 weeks, glucose production rate (GPR) and gluconeogenesis were measured using

the [6,6-2H2]glucose dilution technique and mass isotopomer distribution analysis with [2-13C]glycerol, respectively. Unla-

beled glucose was administered throughout the study period at a rate of 22 �mol � kg�1 � min�1. Five infants received alanine

(1.5 mg � kg�1 � min�1) during the last 3 hours of the study protocol, and 6 infants served as controls. In the control group the

rate of gluconeogenesis and GPR remained constant at 4.0 � 0.3 �mol � kg�1 � min�1 and 8.3 � 0.6 �mol � kg�1 � min�1,

respectively. In the alanine group plasma alanine concentrations increased from 45 � 23 to 829 � 115 �mol/L (P � .001);

gluconeogenesis and GPR did not differ from control: 3.8 � 0.2 �mol � kg�1 � min�1 and 6.4 � 2.0 �mol � kg�1 � min�1,

respectively. We conclude that administration of the gluconeogenic precursor alanine does not stimulate gluconeogenesis in

preterm infants, despite a sharp increase in plasma alanine concentrations. We speculate either a restricted capacity of the

enzymes involved in the gluconeogenic pathway or a low secretion rate of glucoregulatory hormones as causative mecha-

nisms involved in the gluconeogenic pathway in the preterm neonate.

© 2003 Elsevier Inc. All rights reserved.

ALOW PLASMA GLUCOSE concentration is a frequently
occurring disturbance in glucose metabolism in preterm

infants, and may lead to serious short- and long-term compli-
cations.1-3 The plasma glucose concentration is the result from
a balance between glucose supply and glucose utilization.
When glucose supply is insufficient to balance glucose utiliza-
tion, hypoglycemia will follow.

Endogenous glucose production has been measured in many
studies in both term and preterm infants under different cir-
cumstances.4 Data on the contribution of gluconeogenesis to
glucose production are scarce in preterm infants. In the 1970s
it was suggested from measurements of plasma gluconeogenic
precursor concentrations and liver enzyme activities that glu-
coneogenesis was limited in preterm infants.5-9 Later, several
stable isotope studies showed that preterm infants are capable
of gluconeogenesis, even shortly after birth.10-13 An important
limitation of these studies is that gluconeogenesis was esti-
mated. Until recently, reliable techniques for direct measure-
ment of gluconeogenesis in vivo were not available.14 Publi-
cations on gluconeogenesis in preterm infants applying these
new techniques are therefore still scarce.15

Gluconeogenesis depends on sufficient precursor supply,
adequate secretion rate of glucoregulatory hormones, and ac-
tivity of the enzymes involved in glucose production and glu-

coneogenesis. In preterm infants plasma alanine concentrations
are low compared to breastfed term infants or adults,16-18

raising the question if gluconeogenesis can be stimulated by
extra precursor supply.

The objective of the present study was to evaluate the effect
of extra precursor supply on gluconeogenesis and endogenous
glucose production in preterm infants by infusion of the main
gluconeogenic precursor alanine.
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MATERIALS AND METHODS

Patients

Preterm infants were recruited from the Neonatal Intensive Care Unit
at the Emma Children’s Hospital AMC, Amsterdam. Preterm infants
with a gestational age of 32 completed weeks or less were eligible for
the study. We included only infants with a postnatal age between 1 and
8 days, because the incidence of low plasma glucose concentration is
the highest in the first postnatal days. Exclusion criteria were hypogly-
cemia (for ethical considerations), birth weight less than 10th or greater
than 90th percentile for gestational age,19 sepsis, severe perinatal as-
phyxia (5-minute Apgar score � 7), congenital malformations, severe
respiratory distress, need of vasopressor support, maternal diabetes, or
glucose intolerance. Written informed consent by the parents was
obtained in all cases. This study was approved by the Medical Ethical
Committee of the Academic Medical Center in Amsterdam.

Study Design

Eleven children were included in the study. Five infants received
alanine intravenously (90 mg � kg�1 � h�1) during the last 3 hours of the
study. The control group (6 infants) received only glucose during the
study. Assignment to the alanine or the control group was by random
assignment. Infusions were administered through an intravenous (pe-
ripheral or central venous) catheter, previously introduced for clinical
reasons. Blood samples were drawn from a second intravenous catheter
in the opposite limb or, if present, from an intra-arterial line.

Enteral and parenteral nutrition were discontinued 6 hours before the
study (t � �12 hours) and replaced by intravenous glucose supply
(unlabeled) at a rate of 33 �mol � kg�1 � min�1 (6 mg � kg�1 � min�1).
After obtaining a baseline blood sample at t � �6 hours (8 AM) for
determination of background isotopic abundance and plasma glucose
concentration, a primed (80 �mol � kg�1 body weight), continuous (0.9
�mol � kg�1 � min�1) infusion of [6,6-2H2]glucose (99% enriched,
Isotec, Miamisburg, OH) was started to measure glucose production.
[6,6-2H2]glucose, dissolved in sterile isotonic saline and sterilized by
passage of the solution through a millipore filter (size 0.2 �m; Minisart,
Sartorius, Göttingen, Germany), was administered by a calibrated sy-
ringe pump (Perfusor fm, Braun, Melsungen, Germany). Simulta-
neously, a primed (25 mg � kg�1 body weight), continuous (25 mg �

kg�1 � h�1) infusion of [2-13C]glycerol (99% enriched, Isotec) was
started to measure fractional gluconeogenesis using mass isotopomer
distribution analysis (MIDA). [2-13C]glycerol was chosen because
glycerol enters the gluconeogenic pathway immediately before the
triose-phosphate pool, the true precursor pool that must be enriched.
Other gluconeogenic precursors like alanine may be lost in other
metabolic pathways before they enter the triose-phosphate pool.20 Two
infants (one in each group) received only [6,6-2H2]glucose. Simulta-
neously with the start of the isotope infusions, the rate of exogenous
glucose infusion (unlabeled) was diminished to 22 �mol � kg�1 � min�1

(4 mg � kg�1 � min�1) and maintained at this rate until the end of the
study (t � �3 hours). Exogenous glucose was administered to maintain
euglycemia. The rate of 22 �mol � kg�1 � min�1 was chosen because in
our unit it is considered to be the lower limit of the required exogenous
glucose supply in preterm infants.

After an equilibration period of 6 hours of stable isotope infusion,
blood samples were collected every hour (t � 0 to �3 hours) for the
measurement of isotopic enrichments and plasma glucose concentra-
tion. At t � 0 and t � �3 hours, blood was also collected for
determination of alanine concentrations. Insulin concentrations were
measured at t � �3 hours.

Assays

All measurements were performed in duplicate, except for the MIDA
samples, and all samples of individual newborns were analyzed in the
same run.

Gas chromatography/mass spectrometry (GC/MS) analyses were
performed with a model 5890 Series II gas chromatograph coupled to
a model 5989 A mass spectrometer (Hewlett Packard, Palo Alto, CA).
We described the sample preparation for the MIDA technique using a
combination of [2-13C]glycerol and [6,6-2H2]glucose in detail previ-
ously.14

Plasma glucose concentration was measured by the glucose oxidase
method (Beckman Glucose Analyzer, Beckman Instruments, Mij-
drecht, The Netherlands). Alanine concentrations were measured with
an enzymic micromethod.21 Insulin concentrations were measured us-
ing a radioimmunoassay (Pharmacia Diagnostics, Uppsala, Sweden).

Calculations and Statistics

The rate of appearance (Ra) of plasma glucose was calculated by the
isotope dilution technique from the [6,6-2H2] enrichment of glucose,
using calculations for steady-state kinetics, adapted for the use of stable
isotopes22: Ra � (Ei/Ep) � I, where Ei and Ep are the [6,6-2H2]
enrichments of infusate and plasma, respectively, and I is the infusion
rate of [6,6-2H2]glucose. To determine endogenous glucose production
rate (GPR), exogenously infused glucose was subtracted from glucose
Ra.

Precursor pool enrichment (p) (interassay variation, 9%) and frac-
tional gluconeogenesis (f) (interassay variation, 6.8%) were calculated
from the mass isotopomer distribution pattern of unlabeled, singly and
doubly labeled glucose derived from [2-13C]glycerol as previously
described.14,20,23 The absolute rate of gluconeogenesis is calculated as
the product of f � glucose Ra.

To investigate the difference in glucose kinetics between the alanine
and control group, measurements from t � 1 hour onward were
compared with analysis of repeated measurements, using the data at t �
0 hours as a covariate (proc mixed of SAS 6.12, SAS Institute, Cary,
NC). Paired data were analyzed by the paired t test. Data are reported
as mean � SEM, unless otherwise stated. Statistical significance was
set at P � .05.

RESULTS

Clinical Data

Mean gestational age was 28 6/7 � 2.0 (SD) weeks in the
alanine group and 30 0/7 � 1.8 weeks in the control group
(difference not significant [NS]). Mean birth weight was
1,359 � 459 and 1,315 � 244 grams, respectively (NS). All
infants were appropriate for gestational age. Postnatal age was
not significantly different: 5.0 � 1.4 days in the alanine group
and 4.5 � 1.8 days in the control group. The infants were
clinically stable, had normal body temperature, normal acid
base status, and normal oxygen saturation and carbon dioxide
concentrations. Two infants in the control group were venti-
lated with mild ventilatory settings and received morphine for
sedation, consistent with the routines in our nursery. Most
infants received antibiotics, but none had positive blood cul-
tures or clinical signs of infection. In both groups 4 mothers
were treated with antenatal steroids. All infants in the alanine
group were treated with caffeine for apnea of prematurity,
compared to 3 of the 4 spontaneously breathing infants in the
control group. Parameters of glucose kinetics were not different
between infants with and without morphine or caffeine therapy.
In addition, there were no differences between infants born to
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mothers treated with antenatal steroids and those born to un-
treated mothers.

Glucose Kinetics

Both plasma glucose concentrations and isotopic enrich-
ments were stable during the study period and approximate
steady-state (defined by a coefficient of variation of �10%)
was reached from t � 0 to t � �3 hours (Table 1).

Plasma alanine concentrations increased during alanine in-
fusion from 45 � 23 to 829 � 115 �mol/L (P � .001), but
remained constant in the control group (53 � 12 v 55 � 13
�mol/L, NS) (Fig 1). During alanine infusion, GPR and glu-
coneogenesis did not increase (Figs 2 and 3): GPR was 7.9 �
1.4 �mol � kg�1 � min�1 at t � 0 hours and 6.4 � 2.0 �mol �
kg�1 � min�1 at t � �3 hours (NS), and gluconeogenesis was
4.0 � 0.1 �mol � kg�1 � min�1 at t � 0 hours and 3.8 � 0.8
�mol � kg�1 � min�1 at t � �3 hours (NS). In the control group
glucose production and gluconeogenesis remained constant
during the last 3 hours at 7.7 � 0.3 �mol � kg�1 � min�1 and

3.9 � 0.1 �mol � kg�1 � min�1, respectively. From t � 0 hours
until t � �3 hours, the plasma glucose concentration remained
constant in the control group (Fig 4): 4.0 � 0.4 at t � 0 and
4.2 � 0.2 mmol/L at t � �3 hours. In the alanine group, the
plasma glucose concentration showed a small albeit statistically
significant decrease (from 3.7 � 0.2 at t � 0 to 3.4 � 0.2
mmol/L at t � �3 hours; P � .005). Insulin concentrations at
t � �3 hours were not different between the groups: median 30
pmol/L (range, 25 to 80) in the alanine group and median 30
pmol/L (range, 20 to 85) in the control group.

DISCUSSION

In preterm infants, low plasma glucose concentrations are
frequent. The low plasma amino acid concentrations in preterm
infants suggest that extra precursor supply could be beneficial
for stimulation of gluconeogenesis and therefore glucose pro-
duction in these infants.16-18 The present study was designed to
evaluate this possibility. Our study shows that, despite the low
plasma alanine concentrations before and the increase in

Table 1. Isotopic Enrichments and Plasma Glucose Concentrations

During the Study

Time (h)

0 1 2 3

[6,6-2H2]glucose
Alanine 2.96 � 0.16 2.98 � 0.21 3.10 � 0.14 3.15 � 0.23
Control 3.00 � 0.10 2.91 � 0.10 2.98 � 0.10 2.87 � 0.05

[13C1]glucose
Alanine 3.61 � 0.26 3.77 � 0.16 3.76 � 0.22 3.79 � 0.22
Control 3.40 � 0.11 3.48 � 0.19 3.52 � 0.15 3.54 � 0.17

[13C2]glucose
Alanine 1.31 � 0.16 1.30 � 0.05 1.30 � 0.07 1.26 � 0.03
Control 1.25 � 0.07 1.30 � 0.06 1.27 � 0.05 1.31 � 0.03

Plasma glucose
concentration

Alanine 3.7 � 0.2 3.8 � 0.2 3.5 � 0.1 3.4 � 0.2
Control 4.0 � 0.4 4.2 � 0.3 4.2 � 0.3 4.2 � 0.2

NOTE. Data are means � SEM.

Fig 1. Plasma alanine concentrations. Data are means � SEM. In

the alanine group there was a significant increase from t � 0 to t �

3 hours (P � .001).

Fig 2. Endogenous glucose production rate. Data are means �

SEM.

Fig 3. Rate of gluconeogenesis. Data are means � SEM.
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plasma concentration during 3 hours of alanine administration,
the extra precursor supply did not result in an increase in
gluconeogenesis.

There are no studies measuring glucose production in re-
sponse to alanine infusion in preterm infants or healthy chil-
dren. In prolonged fasted adults, alanine infusion is able to
stimulate glucose production when plasma alanine concentra-
tions and GPR are low.24-26 In healthy children, plasma glucose
and alanine concentrations are lower than in adults, both after
an overnight and after a 30-hour fast.18 In malnourished chil-
dren and in children with malaria fasted overnight, plasma
alanine concentrations are even lower than in healthy children.
In both groups alanine infusion has been shown to stimulate
glucose production, with a concomitant increase in plasma
glucose concentration.27,28 These data indicate that gluconeo-
genic precursor supply influences gluconeogenesis in overnight
fasted children when plasma precursor concentrations are low.
According to the data from a previous study of our group, this
condition is also fulfilled in preterm infants, and therefore a
positive effect of precursor supply on gluconeogenesis was
expected.29

A difference between our study and the studies in older
children is the administration of unlabeled glucose, necessary
to prevent hypoglycemia in our preterm infants, whereas the
older children were fasted overnight. The glucose infused dur-
ing the study could have influenced our results when it would
largely suppress glucose production. We therefore chose a
glucose infusion rate (22 �mol � kg�1 � min�1) in the lower
range of the commonly prescribed glucose intake in preterm
infants (22 to 55 �mol � kg�1 � min�1). This infusion rate did
not suppress endogenous production as the latter still accounted
for approximately 25% of glucose appearance in our infants.
When glucose appearance is sufficient to account for glucose
demands, this could explain the absence of an effect of alanine
supply on endogenous glucose production. However, the extra
alanine supply could still have stimulated gluconeogenesis,
while endogenous production remained unchanged due to a

concomitant decline in glycogenolysis, a phenomenon seen in
adults.30 This did not occur in our study. Besides, the chosen
study design does not preclude stimulation of gluconeogenesis.
In a comparable study design, our group showed that admin-
istration of intravenous lipids stimulates gluconeogenesis sig-
nificantly.31

Although we cannot completely exclude the impact of the
nutrients administered prior to the study, we think this played
a limited role. There were no differences between the groups in
the amount of macronutrients they received. In addition, the
plasma alanine concentrations before alanine administration
were very low, much lower than in the malnourished infants or
children with malaria.27,28

The lack of stimulation we found in the present study cannot
be explained by insufficient supply of alanine. If the adminis-
tered alanine would have been completely converted into glu-
cose, gluconeogenesis would have increased with approxi-
mately 8.5 �mol � kg�1 � min�1.

We therefore speculate that, in the preterm infants we stud-
ied, the lack of stimulation of gluconeogenesis was not due to
insufficient precursor supply. Other explanations for the lack of
stimulation of gluconeogenesis by precursor supply could be:
(1) low activity of enzymes involved in gluconeogenesis. This
possibility is supported by the low glucose-6-phosphatase and
phosphoenolpyruvate carboxykinase activities found in post-
mortem studies in preterm infants compared to term in-
fants.4,8,32 However, an obvious limitation of these studies is
that differences may be related to the clinical course and cause
of death, rather than factors like gestational age. Although at
least 50% of GPR was derived from gluconeogenesis in our
infants, this does not preclude the possibility of limitations in
the gluconeogenic enzymes, since the absolute amount of glu-
coneogenesis (�4 �mol � kg�1 � min�1) was low in the infants
we studied. (2) Disturbances in the hormonal regulation of
glucose metabolism resulting in impaired gluconeogenesis
could be lack of stimulation by low glucagon, or inhibition of
gluconeogenesis by high insulin concentrations. Glucagon
stimulates both glycogenolysis and gluconeogenesis. Due to
limitations in the amount of blood, we were not able to measure
glucagon concentrations in the present study. Previously an
increase in plasma glucagon concentration was shown after
intravenous alanine administration in preterm infants.33 It is
therefore not likely that low glucagon concentrations are the
explanation for the absence of an increase in gluconeogenesis
in this study. Insulin concentrations were low and comparable
between the alanine and control group at the end of the study,
precluding the possibility of inhibition of glucose production
by hyperinsulinemia. We therefore speculate that, in the pre-
term infants we studied while receiving exogenous glucose, the
lack of stimulation of gluconeogenesis is not due to insufficient
precursor supply, suppression of endogenous glucose produc-
tion, or hormonal factors. Limited activity of the enzymes
involved in the gluconeogenic pathway is a more likely caus-
ative mechanism.

The decline in plasma glucose concentration during alanine
infusion was unexpected but has been reported previously.33

The drop in glucose concentration in our study cannot be
ascribed to a decrease in glucose production as this was stable
in our study. Another explanation could be an increased glu-

Fig 4. Plasma glucose concentrations. Data are means � SEM. In

the alanine group the plasma glucose concentration decreased

slightly (P � .005).

948 VAN KEMPEN ET AL



cose clearance. Alanine is a well-known insulin secreta-
gogue,34-36 but stimulation of insulin secretion is an unlikely
explanation in our infants since plasma insulin concentrations
were low and comparable in both groups. This observation is
therefore unexplained.

In summary, administration of the gluconeogenic precursor

alanine does not result in an increase in plasma glucose con-
centration, endogenous GPR, or gluconeogenesis. We specu-
late a restricted capacity of the enzymes involved in the glu-
coneogenic pathway in the preterm neonate, although a low
secretion rate of hormones necessary for stimulation of glu-
coneogenesis cannot be excluded completely.
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