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Abstract

To ascertain whether the inability to suppress glucose produc-
tion and increase glucose utilization in response to glucose infu-
sion is an inherent characteristic of immature individuals, we
determined glucose rate of appearance (R.) in minimally
stressed, clinically stable, extremely premature infants ( - 26-
wk gestation) at two glucose infusion rates (6.2±0.4 and
9.5±0.5 mg/kg per min). Wealso assessed whether an in-
crease in glucose delivery suppresses proteolysis by measuring
the R. of phenylalanine and leucine. Glucose R. (and utiliza-
tion) increased significantly at the higher glucose infusion rate
(7.9±0.5 vs. 9.8±0.6 mg/kg per min). Glucose production per-
sisted at the lower glucose infusion rate but was suppressed to
nearly zero at the higher rate (1.7±0.5 vs. 0.3±0.1 mg/kg per
min). Proteolysis was unaffected by the higher glucose infusion
rate as reflected by no change in the rates of appearance of
either phenylalanine (96±5 vs. 95±3 ,mol/kg per h) or leucine
(285±20 vs. 283±14 ;mol/kg per h). Thus, clinically stable,
extremely premature infants suppress glucose production and
increase glucose utilization in response to increased glucose
infusion, demonstrating no inherent immaturity of these pro-
cesses. In contrast, increasing the rate of glucose delivery re-

sults in no change in whole body proteolysis in these infants.
The regulation of proteolysis in this population remains to be
defined. (J. Clin. Invest. 1993. 92:1752-1758.) Key words:
Stable isotope tracers * protein turnover - leucine * phenylala-
nine * glucose utilization

Introduction

Hyperglycemia (> 200 mg/dl) frequently occurs in premature
newborns, especially in those born before 30-wk gestation ( 1).
This propensity toward hyperglycemia is widely regarded as a

developmental characteristic (2-5), largely based upon the
finding of continued glucose production during intravenous
glucose infusion in immature individuals (6-9). However, be-
cause other factors (i.e., stress from respiratory distress syn-
drome, sepsis) often coexist along with immaturity, it has not
been clear whether it is immaturity per se that results in
aberrant glucose homeostasis. With the advent of surfactant
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preparations to ameliorate respiratory distress syndrome, it is
now possible to study relatively unstressed, clinically stable,
extremely premature (< 28 wk) newborns and thereby mini-
mize factors other than immaturity. The present study was
performed to ascertain whether the inability to completely sup-
press glucose production and increase glucose utilization is an
inherent characteristic of immature individuals. This is an im-
portant issue because glucose is typically the only substrate
administered in early neonatal life. To this end, we measured
glucose production and utilization in response to an increase in
exogenous glucose infusion in clinically stable, extremely pre-
mature ( - 26-wk gestation) newborns during the first days of
life.

An issue of equal importance to glucoregulation in ex-
tremely premature infants is their capacity to minimize the loss
of protein stores while receiving only glucose substrate. In fact,
to the extent that amino acids from whole body proteolysis are
used for gluconeogenesis to support persistent glucose produc-
tion, these two issues are related. Intravenous glucose adminis-
tration in adults results in suppression of glucose production
and a corresponding reduction in proteolysis ( 1O). Insulin has
been demonstrated to be an important regulator of both pro-
cesses in mature individuals (1 1- 1 5 ). In contrast to the data
available in adults, there is currently no information regarding
whole body proteolysis or its regulation in extremely prema-
ture infants. Therefore, we also determined whether an in-
crease in glucose delivery would suppress proteolysis, thereby
sparing endogenous protein stores in these premature new-
borns.

Methods

Subjects. Studies were approved by the Institutional Review Board of
Indiana University, and written informed consent was obtained from
the parents. Study subjects included five clinically stable extremely low
birth weight infants (< 1, 100-g birth wt, < 28-wk gestation). The clini-
cal characteristics of the study subjects are summarized in Table I. All
infants were appropriate for gestational age, had no congenital anoma-
lies, and were stable on low ventilator settings. The ventilator support
required by the infants at the time of the study is also reported in Table
I; there were no significant changes in these ventilator settings for the
24 h before or following the study. None of the infants were receiving or
had ever received inotropic support. Three of the five infants had previ-
ously received a course of surfactant replacement therapy based on
clinical and radiographic evidence of respiratory distress syndrome; the
remaining two had no evidence of surfactant deficiency. All five infants
were receiving ampicillin and gentamicin, as is standard practice in
premature infants, pending the results of their initial blood cultures;
however, none of the infants exhibited any clinical signs of sepsis and
all cultures were negative. The hematocrit of the infants at the time of
study was 39±1 (range of 37 to 40). As is typical clinical practice in
extremely premature infants during the first days of life, intravenous
glucose was provided at a rate of 6.4±0.8 mg/kg per min for the 24 h
before the study (Table I). Four infants received only intravenous glu-
cose before study; one infant received intravenous amino acids (2 gm/

1752 D. E. Hertz, C. A. Karn, Y M. Liu, E. A. Liechty, and S. C. Denne

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/93/10/1752/07 $2.00
Volume 92, October 1993, 1752-1758



Table I. Subject Characteristics

Ventilator support
during study

Glucose delivery [Glucose] at
Subject Sex Gestation age Birth weight Study weight Age at study before study time zero PIP PEEP Rate FiO2

wk g g h mg/kg per min mg/dl cmH20 cm H20

1 M 25.5 900 840 62 6.9 134 12 4 17 0.21
2 F 27.5 1030 1049 41 4.0 73 18 4 30 0.40-0.60
3 M 26.5 890 760 191 7.7 117 18 5 28 0.30-0.40
4 M 25 840 833 37 4.9 175 16 4 20 0.30
5 M 26.5 840 790 17 8.3 151 16 4 15 0.21

Mean 26.2 900 854 70 6.4 130
SEM 0.4 35 51 31 0.8 17

PIP, peak inspiratory pressure; PEEP, positive end expiratory pressure; FiO2, fraction of inspired oxygen.

kg per day) and lipid (0.5 gm/kg per d) in addition to glucose. In this
one infant, intravenous amino acids and lipid were discontinued 2 h
before the study and glucose alone continued. Caloric intakes were
34±6 kcal/kg per d (range 20-50) in the 24 h preceding the study.
None of the infants had ever received enteral feeding before study.
Each infant had an umbilical arterial catheter and venous access pres-
ent before study.

Protocol. At the beginning of the study, the umbilical artery cath-
eter fluids were changed to normal saline and a baseline blood sample
obtained. A priming dose of the tracers (in normal saline) representing
90 min of infusion, was administered over 5 min. Thereafter, constant
infusions of [6,6,d2] glucose (100,ug/kg per min), [l-'3Clleucine (10
,qmol/kg per h), and [d5] phenylalanine (4 Amol/kg per h) were deliv-
ered through the venous catheter via an infusion pump (Harvard Appa-
ratus, Inc., South Natick, MA). These tracers were dissolved in unla-
beled DIOW, which was administered at a calculated rate of 6 mg/kg
per min. Tracers were given in D1oWso that the total amount of fluids
each infant received could be maintained at the prestudy rate. Blood
samples were obtained through the arterial catheter at 90, 105, and 120
min, and immediately analyzed for plasma glucose concentration. The
remainder of the sample was then frozen at -70°C for later analysis.

After the 120-min sample, an additional 3 mg/kg per min of unla-
beled glucose was piggybacked into the venous catheter to make the
total glucose infusion rate - 9 mg/kg per min. The tracer isotope
infusion was unchanged. Blood samples were again obtained at 210,
225, and 240 min, analyzed for plasma glucose, and frozen for later
analysis. Syringes containing infusates were weighed before and after
infusion to quantitate volume actually delivered. Each infusate was
analyzed for glucose concentration and isotopic enrichment to deter-
mine the actual unlabeled and tracer glucose infusion rate. The con-
centrations of leucine and phenylalanine in each infusate were also
determined.

All urine output during the study was monitored for the presence of
glucose. None of the infants developed glycosuria during the studies.

Analytical methods. Plasma glucose concentrations were deter-
mined by the glucose oxidase method (Yellow Springs Instruments,
Yellow Springs, OH). Plasma insulin concentrations were measured
by double-antibody RIA. The plasma enrichments of leucine, phenylal-
anine, a-ketoisocaproic acid (KIC),' and glucose 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 enrichment of plasma glucose was measured by
monitoring ions 98 and 100 after pentacetate derivatization (16). The
enrichments of plasma leucine and phenylalanine were determined by

1. Abbreviations used in this paper: GIR, glucose infusion rate; KIC,
a-ketoisocaproic acid; NIMGU, noninsulin mediated glucose uptake.

monitoring ions 302 and 303 (leucine) and 234 and 239 (phenylala-
nine) following derivatization to their tertiary butyl dimethyl silyl deriv-
atives (17). The plasma enrichment of KIC was determined following
derivatization to the O-trimethylsilylquinoxalinol by monitoring ions
232 and 233 (18). The final value for all determinations was corrected
using an enrichment calibration curve. The mean enrichment values of
three samples taken during enrichment plateau in each subject were
used for further analysis. The coefficient of variation was < 5%at each
enrichment plateau.

Calculations. Plasma enrichments of glucose were used in these
studies to calculate the total rate of appearance of glucose. Plasma
enrichments of leucine, KIC, and phenylalanine were used to calculate
the rates of appearance of leucine and phenylalanine. Leucine and
phenylalanine were chosen because they are essential amino acids and
their rate of appearance in a subject receiving no exogenous protein
reflects whole body proteolysis. The enrichment of KIC, the intracellu-
lar transamination product of leucine, was also measured as its plasma
enrichment has been shown to closely approximate intracellular leu-
cine enrichment (19).

The total rates of appearance ofglucose, leucine, and phenylalanine
were each calculated by measuring tracer dilution at steady state as
modified for stable isotopic tracers (20, 21).

Ra = [100/EP-1] X I

where Ra is the rate of appearance of glucose or amino acid, EP is the
steady state enrichment of the specific isotope, and Iis the rate of tracer
infusion.

Amino acid concentrations were not measured in this study due to
the severely limited amount of blood that was obtained at each time
point. It is highly likely that amino acid concentrations were at steady
state at the end of each of the two periods, as has been demonstrated in
studies carried out in adults during infusions of glucose, or glucose and
insulin (10, 22,23). In any case, it must be noted that at isotopic steady
state ( Fig. 1), the Ra of leucine and phenylalanine (reflecting proteoly-
sis) is constant (18). If changes in leucine and phenylalanine concen-
trations do occur during isotopic steady state, this must be a conse-
quence of altered rate of disappearance (Rd) with regard to leucine/
phenylalanine used for protein synthesis or oxidative metabolism
(18), but not measured in this study.

Glucose production was calculated as the difference between the
total rate of appearance of glucose and the rate of intravenous glucose
delivery. Using such a calculation, underestimation of glucose produc-
tion has been well described in studies employing the glucose clamp
technique, resulting in negative glucose production values (24-27).
Impurities in the radioactive glucose tracer may explain some of these
findings (27). In addition, rapid alterations in exogenous glucose infu-
sion during insulin administration are also likely to contribute to the
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Figure 1. Glucose concentration and tracer enrichments measured
during the studies. The conditions on the left correspond to GIRI,
the conditions on the right correspond to GIR2.

problem (26). Although a relative underestimation of glucose produc-
tion in the present study cannot be completely excluded, the magni-
tude of such an underestimation is likely to be small because: (a) the
exogenous glucose infusion rate was not altered within each study pe-
riod, (b) isotopic steady state was readily apparent during each period
(coefficient of variation was 2.6±0.3%), and (c) total glucose R. mea-
sured by isotope dilution closely approximated exogenous glucose de-
livery during the higher glucose infusion rate, and no negative glucose
production rates were measured.

Statistics. All results are reported as the mean ±SEM. Comparisons
were made using the paired t test.

Results

Actual glucose infusion rates (GIR) were 6.24±0.38 mg/kg per
min (GIR,) and 9.46±0.54 mg/kg per min (GIR2). Steady
state concentrations of glucose were achieved at both rates
(Fig. 1). There was a modest ( - 20%) increase in glucose con-
centration (P = 0.07) in response to the higher glucose infusion
rate (Fig. 1, Table II). In contrast, there was a substantial
(> 300%) increase in insulin concentration at the higher glu-
cose infusion rate (Table II). These insulin concentrations and
the magnitude of change in response to glucose infusion are
similar to previous studies in premature newborns (28, 29).

* total

o exogenous

* endogenous

K
GIR 1

*

GIR 2

*

Figure 2. Glucose kinetics during the two different glucose infusion
rates (*P < 0.05).

Isotopic steady state was achieved for the glucose and
amino acid tracers as demonstrated in Fig. 1. Glucose kinetics
for each subject are shown in Table II; these results are graphi-
cally displayed in Fig. 2. Total glucose R. significantly in-
creased at the higher glucose infusion rate; because steady state
was achieved for both tracer enrichment and glucose concen-
tration, and no glucose was present in the urine of these new-
borns, these total glucose Ra values also represent glucose utili-
zation rates (Rd). Glucose production madean important con-
tribution (20%) to total glucose R. at the lower rate of glucose
infusion, but was suppressed to nearly zero (3% of total R.) at
the higher rate (Fig. 2).

The significant relationship between glucose utilization
rate and insulin concentration is shown in Fig. 3 (y = 0.24x
+ 6.87, r2 = 0.843, P< 0.001 ). As expected, this relationship is
linear at the relatively low insulin concentrations measured in
this study. A similar but considerably weaker relationship be-
tween glucose utilization and glucose concentration is shown
in Fig. 4 (y = 0.03x + 4.76, r2 = 0.475, P = 0.03). As the figure
demonstrates, three high glucose values are responsible for this
correlation; if one of these values is eliminated, the correlation
is no longer significant.

The rates of appearance of leucine and phenylalanine (re-
flecting proteolysis) at both glucose infusion rates are reported
in Table III. Leucine Ra is calculated, based on both the plasma
enrichment of KIC (reciprocal pool model) and plasma leu-
cine (primary pool model). The ratio of KIC to leucine enrich-
ment in these premature newborns was 0.73±0.03 at the lower

Table II. Glucose Kinetics, and Insulin and Glucose Concentrations Measured at Two Different Glucose Infusion Rates

Total R. Endogenous RA Glucose concentration Insulin concentration

mg/kg per min mg/kg per min mg/dl IU/m,

Subject GIR, GIR2 GIR, GIR2 GIR1 GIR2 GIR1 GIR2
1 8.16 11.36 0.77 0.18 110 167 2 17
2 7.98 10.37 1.37 0.46 96 106 5 17
3 6.53 8.84 0.88 0.26 97 112 2 10
4 9.49 9.98 3.17 0.49 159 178 7 13
5 7.40 8.30 2.17 0.19 102 118 5 7

Mean 7.91 9.77* 1.67 0.32* 113 136* 4 13*
SEM 0.49 0.55 0.45 0.07 12 15 1 2

(GIR) * P < 0.05, * P = 0.07.
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glucose infusion rate, and was unchanged (0.75±0.04) at the
higher glucose infusion rate. These ratios are similar to those
previously reported in studies in human adults ( 19). As shown
in Table III, rates of appearance of leucine (using both KIC and
leucine enrichments) and phenylalanine were virtually identi-
cal at the two glucose infusion rates. Thus, no reduction in
proteolysis in response to an increase in glucose delivery was
measured.

Discussion

In the present study we examined the effect of two rates of
intravenous glucose delivery on glucose production and pro-
teolysis in the extremely low birth weight infant during the first
days of life. The data demonstrate that although glucose pro-
duction continues at a significant rate when 6 mg/kg per min
of glucose is provided, at 9 mg/kg per min glucose production
is suppressed to nearly zero. In contrast, rates of proteolysis are
not reduced by the higher glucose delivery rate.

Glucose production and its regulation have been exten-
sively studied in human adults. Basal rates of glucose release
determined after an overnight fast have been measured at
2-2.5 mg/kg per min (10-14). When intravenous glucose is
infused at a rate slightly exceeding basal glucose Ra ( 3-4 mg/kg
per min), glucose production effectively ceases (6, 1 1 ). This
suppression of glucose production is accompanied by increases
in the plasma concentration of glucose (- 135 mg/dl) and
insulin (- 20-25 guU/ml) (1 1). Glucose and insulin clamp

80 100 120 140 160 11
glucose

mndl

Figure 4. Relationship
between glucose con-
centration and glucose
utilization (y = 0.03x
+ 4.76, r2 = 0.475, P
= 0.03).

studies have demonstrated that these increases in glucose and
insulin concentrations both contribute to the suppression of
glucose production (1 1-13). Insulin alone can suppress glu-
cose production without increases in glucose concentration,
but higher concentrations of insulin (- 60 AU/ml) are re-
quired for complete suppression ( 13). Similarly, elevations in
glucose concentration alone can also suppress glucose produc-
tion; near complete suppression of glucose production has
been achieved by hyperglycemia at basal insulin concentra-
tions in some studies ( 1) but not others ( 12). Although the
exact contributions of insulin and glucose to the complete sup-
pression of glucose production during intravenous glucose in-
fusion may not be completely defined, it is likely that both play
a significant role in adult glucose homeostasis.

In contrast to the adult, neonatal glucose production and
regulation is less completely studied; this is particularly true in
the extremely low birth weight newborn. Because of the fragile
nature of this population, a true basal (fasting) glucose produc-
tion rate cannot be obtained. However, we suggest that the total
glucose Ra of 7.9 mg/kg per min, measured in the present study
during the infusion of 6 mg/kg per min of glucose, represents a
reasonable approximation of basal glucose production (and
utilization) in these infants. A nearly identical total glucose Ra
(7.7 mg/kg per min) was determined in extremely low birth
weight infants during a substantially lower (4.2 mg/kg per
min) intravenous glucose infusion, providing additional sup-
port for this approximate basal rate (30). This estimated glu-
cose production rate is significantly higher than that measured
in adults, and is also higher than the 3-5 mg/kg per min we and

Table III. Leucine and Phenylalanine Ra Measured at Two Different Glucose Infusion Rates

Leucine R. (Leu) Leucine Ra (KIC) Phenylalanine R.

11mol/kg per h stmol/kg per h mmol/kg per h

Subject GIRI GIR2 GIRI GIR2 GIR1 GIR2
1 281 277 365 331 98 97
2 179 211 263 276 78 83
3 225 211 275 270 98 93
4 188 212 258 288 102 102
5 171 154 264 249 106 99

Mean 209 213 285 283 96 95
SEM 20 20 20 14 5 3

Leucine Ra is reported, based upon both the enrichment of plasma leucine (primary pool model) and plasma KIC (reciprocal pool model).

Glucose Production and Proteolysis in Prematurity 1755



others have determined in full-term newborns (31, 32). This is
not surprising in view of the high brain/body weight ratio of
these extremely low birth weight infants (33), and the virtual
absence of fat stores.

Previous studies have measured persistent glucose produc-
tion during glucose infusion in both immature animals and
humans (6-9, 34). This has resulted in the widespread accep-
tance of the concept that there is a developmental immaturity
in glucose homeostasis (2-5). Hepatic and/or peripheral insu-
lin insensitivity in immature individuals has been suggested as
the likely mechanism (1, 6, 35). However, it has been ques-
tioned whether stress (from anesthesia or blood drawing) or
previous feedings (and not achieving a true postabsorptive
state) may have played a role in the finding of persistent glu-
cose production (36). Currently, the existence of a specific
developmental immaturity in glucose homeostasis indepen-
dent of these other factors is uncertain. In the present study, we
minimized the effect of stress (the neonates were stable, and
ventilated, and blood was drawn through indwelling cath-
eters), eliminated the effect of previous feedings (none of the
infants had ever been fed), and maximized the possible effect
of immaturity by studying the most premature infants in early
neonatal life. Wewere therefore able to evaluate the effect of
immaturity per se on glucose homeostasis. The results clearly
indicate that when glucose is delivered at a rate that slightly
exceeds the estimated basal rate of glucose production, glucose
release is suppressed to nearly zero in these extremely imma-
ture individuals. This response is the same as that observed in
the human adult; we must also point out that this suppression
in these extremely immature individuals occurs at glucose con-
centrations similar to that of the adult (136 mg/dl) and at
lower insulin concentrations ( 13 AU/ml). These findings defi-
nitely do not support a specific developmental immaturity in
glucose homeostasis.

Since we did not clamp insulin or glucose in this study, it is
not possible to clearly separate the effect of glucose and insulin
on the suppression of glucose production. As in adults, it is
likely that both play a role. However, the data suggest that
changes in plasma insulin concentration may be the more pre-
dominant regulator in this population. The mean change in the
plasma glucose concentration at the higher glucose infusion
rate was only 20 mg/dl (and of marginal statistical signifi-
cance). In fact, the glucose concentration increased by < 15%
in three of the five newborns (Table II). In contrast, the mean
plasma insulin concentration increased more than threefold at
the higher glucose infusion rate, and the minimum individual
increase was - 40%. Although not definitive, these data sup-
port the fundamental role of insulin in the control of hepatic
glucose release in immature individuals. Further, because near
complete suppression of glucose release is achieved at low insu-
lin concentrations, the data are inconsistent with the notion of
hepatic insulin resistance in this population.

As in the human adult, insulin appears to be an important
regulator of total glucose utilization in the extremely prema-
ture neonate; Fig. 4 shows the strong relationship between in-
sulin concentration and glucose utilization rate. On a mg/kg
basis, higher glucose utilization rates are achieved at substan-
tially lower insulin concentrations in extremely premature in-
fants, compared with adults. This is likely due to the fact that
the brain makes a much larger contribution to total body
weight in the extremely premature infant compared to the
adult, and thus the rate (mg/kg) of noninsulin mediated glu-

cose uptake (NIMGU) will be substantially higher (33, 37). In
this regard, an estimate of NIMGU in extremely low birth
weight infants can be obtained from Fig. 4 by extrapolating
glucose utilization at zero insulin (6.9 mg/kg per min). Thus,
NIMGUaccounts for approximately 85% of estimated basal
glucose disposal in extremely low birth weight infants, similar
to the 75-85% obtained in normal adults (37, 38).

Weagain acknowledge that because glucose concentration
was not actively clamped during these studies, glucose utiliza-
tion rates were likely affected by the plasma level of glucose as
well as insulin. Indeed, we have shown a relationship (albeit a
weak one) between glucose concentration and glucose utiliza-
tion (Fig. 4). Note, however, that this relationship is driven by
a few high glucose values; if even one of these values is elimi-
nated the correlation is no longer significant. In contrast, the
correlation between insulin and glucose utilization is robust. In
fact, if this relationship is examined at "euglycemia" (using
insulin concentrations corresponding to glucose levels of 96-
110, and excluding the high glucose determinations), there is
still a highly significant correlation between insulin and glucose
utilization (r = 0.91, P = 0.01). This suggests that insulin ex-
erts an independent effect on peripheral glucose uptake in ex-
tremely immature individuals, even at low concentrations and
with relatively small changes. In any case, the data are not
consistent with significant peripheral insulin resistance as a re-
sult of immaturity alone.

Wemust note that in clinical settings hyperglycemia occurs
with some frequency in premature newborns (1). Certainly,
persistence of glucose production and/or peripheral insulin re-
sistance may play a role in elevations in glucose concentra-
tions. However, our data suggest that it is not immaturity per se
but other factors such as stress and sepsis that produce the
changes resulting in hyperglycemia (39). In this regard, glucose
infusion rates of < 8 mg/kg per min have been recommended
in an effort to avoid hyperglycemia in extremely premature
infants (3, 4). However, it appears evident from the present
study that 8 mg/kg per min is likely to be the minimal rate of
glucose utilization required to fulfill the needs of these infants;
glucose infusion rates of < 8 mg/kg per min are accompanied
by supplemental glucose production. Therefore, in clinically
stable extremely premature infants without sepsis or significant
stress, a glucose infusion rate of 8 mg/kg per min may be an
appropriate target in helping maintain endogenous substrate
reserves.

Wehave also evaluated the effect of an increased glucose
delivery rate on proteolysis in extremely premature infants to
ascertain whether suppression of glucose production would
spare protein stores through the mechanism of reduced whole
body proteolysis. Modeling proteolysis is clearly more complex
than assessing glucose kinetics, and the assumptions and limita-
tions in accurately assessing proteolysis have been extensively
discussed (40). Therefore, to provide a more confident esti-
mate of proteolysis, we traced the rates of appearance into
plasma of two essential amino acids, leucine and phenylala-
nine. In addition, we also measured the enrichment of KIC,
which is likely to reflect the intracellular enrichment of leucine,
thereby providing a more accurate assessment of whole body
proteolysis. Because there was no source of exogenous amino
acids during the studies, each of these three determinations
should reflect proteolysis. The combination of all these inde-
pendent measurements adds credibility to the assessment of
overall proteolysis.
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In these extremely premature infants, proteolysis by any of
the three estimates was unchanged at the higher glucose infu-
sion rate, despite clear increases in insulin concentration and
near complete suppression of glucose production. This is in
contrast to adult studies, where suppression of glucose produc-
tion is accompanied by suppression of whole body proteolysis
( 10, 14, 41 ). Robert et al. infused glucose at a rate slightly
higher than basal production (4 mg/kg per min) in normal
adults and demonstrated a 28% reduction in leucine rate of
appearance along with suppression of glucose production ( 10).
This suppression of proteolysis is mediated by insulin, with
30-40 AU/ml necessary for half-maximal suppression ( 15, 22,
42). Even when insulin concentrations are raised to only 9-16
AU/ml (similar to the present study) with the glucose clamp
technique in adults, there is a consistent, albeit modest, 10-
15% reduction in proteolysis ( 14, 15, 41). It must be pointed
out that these studies in adults were carried out at euglycemia,
whereas somewhat higher glucose concentrations were ob-
tained during both glucose infusion rates employed in the pres-
ent study. If hyperglycemia itself suppresses proteolysis, it is
conceivable that these higher glucose concentrations may have
affected our ability to detect reductions in proteolysis. How-
ever, this seems unlikely, in view of recent work by Heiling et
al., demonstrating no independent effect of plasma glucose
concentration on endogenous whole body proteolysis (43).
Thus, the data obtained in the present study suggest that glu-
cose and amino acid metabolism are differently sensitive to the
action of insulin in extremely premature infants.

Differential sensitivity of glucose and amino acid metabo-
lism to insulin has also been described in adults under certain
circumstances, e.g., Type II diabetes, obesity, bedrest, and 4-d
fasting ( 14, 42, 44-46). However, the differential insulin sensi-
tivity was precisely opposite to that observed in extremely pre-
mature infants. In the adult studies, the ability of insulin to
stimulate glucose utilization and/or suppress glucose produc-
tion was shown to be resistant, whereas the ability of insulin to
suppress proteolysis remained normally sensitive.

The exact reasons for these differences between extremely
premature infants and adults in the ability to suppress proteo-
lysis are not clear. However, there are a number of possible
explanations. Although glucose homeostasis may be estab-
lished at relatively low concentrations of insulin in extremely
immature neonates, there may be less tissue sensitivity to insu-
lin's antiproteolytic effect. Alternatively, the differences in
body composition between the extremely low birthweight in-
fant and adults may be important. Relative to adults, skeletal
muscle represents a much smaller proportion of body mass in
premature infants; it has been demonstrated that the antipro-
teolytic effect of insulin is more pronounced in skeletal muscle
than in nonmuscle tissues (47). It may therefore be more diffi-
cult to achieve reductions in proteolysis at the whole body
level, with small changes in insulin concentration, in extremely
low birthweight infants. It is also possible that regulators other
than insulin may play a more significant role in suppression of
proteolysis in immature individuals. For example, the effect of
plasma amino acid concentrations may be a prominent factor
(23). Finally, it is conceivable that high rates of proteolysis in
immature individuals are fundamental to the growth process in
providing a continuing amino acid source for tissue remodel-
ing and protein accretion (48, 49). The highest rates of protein
turnover have been repeatedly demonstrated in the most im-
mature individuals with the highest growth potential (50, 5 1 ).

The present data are consistent with these findings, as leucine
flux measurements in these extremely premature infants are
30% higher than we have determined in full-term newborns
(52), and three times higher than in adults ( 15, 52). If high
rates of protein turnover are necessary for achieving normal
growth, then suppression of proteolysis maybe counterproduc-
tive; immature tissues may be relatively unresponsive to all
antiproteolytic mediators. It is possible that growth hormone
plays a role in this process, as recent evidence has indicated that
growth hormone antagonizes insulin's antiproteolytic action
(49). Clearly, at this point, these issues remain to be resolved.

Although the higher glucose infusion rate did not produce
protein sparing by the mechanism of reduced proteolysis, it
does not necessarily follow that no protein sparing occurred.
Amino acids released from proteolysis can be reutilized for
protein synthesis, or be oxidized. Wedid not measure amino
acid oxidation in this study, but it is certainly possible that a
higher glucose infusion rate reduced amino acid oxidation and
increased reutilization for protein synthesis. There is, in fact,
evidence that glucose infusion can result in protein sparing by
such a mechanism in studies carried out in the sheep fetus (53).

In summary, clinically stable, extremely premature infants
demonstrate a normal glucoregulatory response to increased
glucose infusion by both suppressing glucose production and
increasing glucose utilization. These results suggest that there is
no inherent immaturity in this physiologic response, and that
aberrations in glucose homeostasis in this population may be
largely due to other coexisting factors. Conversely, although
extremely premature infants exhibit an adult-like glucoregula-
tory response to increases in glucose infusion, the effect upon
whole body proteolysis is different. Despite a clear suppression
of glucose production, proteolysis is not reduced by a higher
glucose delivery rate. The regulators of proteolysis in this popu-
lation remain to be defined.
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