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Insulin treatment of prepubertal children with insulin-
dependent diabetes improves body protein balance by decreasing
the rate of protein degradation without stimulating protein syn-
thesis. However, insulin also causes hypoaminoacidemia, so the
inability of insulin to stimulate protein synthesis may have been
limited by substrate availability. We investigated the ability of
insulin to stimulate protein synthesis in growing pubertal chil-
dren who were given sufficient amino acids to counter insulin-
induced hypoaminoacidemia. Protein metabolism in six pubertal
children with type 1 diabetes was assessed from leucine kinetics
during a primed, 6-h infusion of L-[1-13C]leucine. The children
were studied in the postabsorptive state during a basal (insulin
withdrawn) period and during the infusion of 0.83 mU · kg�1 ·
min�1 human regular insulin. Amino acids and glucose were

given with insulin to prevent hypoaminoacidemia and hypogly-
cemia. Net leucine balance was significantly higher with insulin
than in the basal state, the result of decreased protein degradation
but also decreased protein synthesis. The data suggest that insulin
alone does not increase protein synthesis in pubertal children
with type 1 diabetes. (Pediatr Res 58: 229–234, 2005)

Abbreviations
BCAA, branched-chain amino acids
KIC, ketoisocaproate
MPE, moles % excess
NOLD, nonoxidative leucine disposal
Q, endogenous leucine flux

An association between protein catabolism and diabetes has
been known for centuries. The Greek physician Aretaeus the
Cappadocian described diabetes as a condition that causes
“melting of flesh” into urine (1). Insulin treatment reverses the
negative nitrogen balance associated with diabetes and in-
creases lean body mass (2). Thus, it is widely accepted that
insulin plays a major role in the regulation of protein
metabolism.
In vitro and in vivo (animal and human) data regarding the

mechanism of the anabolic effect of insulin are inconsistent and
contradictory. In vitro studies suggest that insulin stimulates
protein synthesis and inhibits protein degradation in muscle
(3,4). In vivo animal studies indicate that insulin is capable of
stimulating muscle protein synthesis in young, rapidly growing
animals but not in adult animals (5–8). Studies of whole-body

protein metabolism in adult humans with type 1 diabetes
suggest that insulin only decreases protein breakdown but
plays no role in increasing protein synthesis (9–12). In contrast
to animals, insulin also failed to stimulate whole-body protein
synthesis in prepubertal children with type 1 diabetes (13).
All of the above studies were carried out in the postabsorp-

tive (fasting) state, when insulin infusion results in the reduc-
tion in the concentration of circulating amino acids (14,15).
The inability of insulin to stimulate protein synthesis has been
attributed to the limitation of protein synthesis by the low
circulating concentration of amino acids that occurs with in-
sulin administration in the fasting state. Consequently, several
studies in adults were designed to evaluate the effect of insulin
supplementation on protein metabolism during concomitant
amino acid supplementation. These studies demonstrated an
effect of insulin on decreasing proteolysis and increasing
leucine oxidation; however, the effect of insulin on protein
synthesis is less clear. Two studies in patients with insulin-
dependent diabetes (16,17) showed an increase in protein
synthesis, whereas the third study (18) failed to confirm this
finding. Two studies in healthy control subjects (19,20) indi-
cated an increase in whole-body protein synthesis when insulin
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and amino acids were infused, whereas the third study (21) did
not confirm this finding. Furthermore, a study that was con-
ducted in individuals with type 2 diabetes to assess protein
kinetics over a 24-h period, including both fasting and feeding,
suggested that the anabolic effect of insulin was provided
through decreased protein degradation rather than increased
protein synthesis (22).
In view of the studies in animals suggesting greater sensi-

tivity to insulin in young, growing animals relative to mature
animals, we undertook a study to investigate the role of insulin
in regulating protein metabolism in pubertal children who have
type 1 diabetes and were given insulin with sufficient amino
acids to prevent hypoaminoacidemia. In this study, we assessed
the effects of insulin with concomitant amino acid administra-
tion on whole-body protein determined from the kinetics of i.v.
administered L-[1-13C]leucine.

METHODS

Human subjects. Six pubertal male adolescents with type 1 diabetes were
studied. Three were on continuous insulin infusion pumps with lys-pro insulin
(Humalog), and three were on s.c. insulin injections with short- (lys-pro
insulin, Humalog) and intermediate-acting insulin (NPH, Humulin N). Patient
characteristics are described in Table 1. The study was performed in the
Clinical Research Center, and the protocol was approved by the Committee of
Research Involving Human Subjects, the institutional review board at the State
University of New York at Stony Brook, New York. Written consent was
obtained from parents, and assent from the patient after the purpose, nature,
and potential risks of the study were explained.

Study protocol. Patients were admitted to the General Clinical Research
Center on the day preceding the study. For patients who were on s.c. insulin
injections, the last dose of intermediate- and short-acting insulin was admin-
istered 24 and 12 h, respectively, before the beginning of the study. For
patients who were on continuous s.c. insulin infusions, the infusion was
discontinued 2 h before study. All patients were studied after an overnight fast.

For assess whole-body protein kinetics, L-[1-13C]leucine was infused as
previously described (23). The study consisted of 180 min of basal period
(�180 to 0 min), when only tracer (L-[1-13C]leucine) was infused, and 180 min
of infusion period (0–180 min), when insulin and amino acids were infused
continuously along with L-[1-13C]leucine tracer.

On the morning of study, a vein of the left forearm was cannulated and used
for the infusion of L-[1-13C]leucine, insulin, glucose, and amino acid. A vein
of the opposite hand was cannulated in a retrograde manner, and the hand was
maintained warm for arterialized venous blood sampling (24). This site was
also used for frequent glucose monitoring.

At �180 min, a priming dose of L-[1-13C]leucine (6 �mol/kg; Mass Trace,
Woburn, MA) was administered followed by a continuous infusion (6 �mol ·
kg�1 · h�1) throughout the study period by means of Harvard pump (Harvard
Apparatus, South Natick, MA). After 180 min of basal period, a continuous i.v.
infusion of human regular insulin was started at 0.05 units · kg�1 · h�1 (0.83
mU · kg�1 · min�1) along with an amino acid solution (8.5% FreAmine III; B.

Braun Medical, Irvine, CA) at 6.72 mg · kg�1 · h�1 N (containing leucine
infused at 31 �mol · kg�1 · h�1) for an additional 180 min. Blood glucose
concentration was monitored every 15 min during the 3 h of insulin infusion
by a Beckman glucose analyzer (Beckman Instruments, Fullerton, CA), and
potato starch–derived 10% dextrose solution was prepared to administer if
necessary to prevent hypoglycemia. This source of dextrose has a low natural
abundance of 13C glucose as opposed to corn-derived dextrose, which is
enriched with 13C glucose as a result of the photosynthetic pathway of corn
(25). Thus, this source of dextrose would not contribute to the abundance of
13CO2 in expired breath assumed to be oxidation of tracer (13C leucine). Only
one patient required infusion of dextrose and only in the last 10 min of the
study period.

Arterialized venous blood samples were collected before the start of tracer
infusion and at �45, �30, �15, and 0 min during the last hour of the basal
period and during the insulin and amino acid infusion at 135, 150, 165, and 180
min for the determination of 13C leucine, �-ketoisocaproate (KIC) enrichment,
and amino acid concentration. At the same time period, samples of expired air
were collected into evacuated glass vacutainer tubes for the determination of
13CO2 isotopic enrichment. Blood samples were collected before the start of
tracer infusion (�180 min), at the end of the basal period (0 min), and
periodically during the insulin infusion for determination of insulin concen-
tration. The rate of CO2 production was determined by respiratory gas ex-
change using a ventilated hood (Delta Track Respiratory Gas Monitor, Yorba
Linda, CA) on multiple occasions during the basal and infusion periods.

Analytical determination. Plasma glucose was measured at the bedside
with a glucose oxidase method and a Beckman II glucose analyzer. Plasma
insulin was determined by RIA with kits from Diagnostic Products Corp. (Los
Angeles, CA).

The enrichment of L-[1-13C]leucine and KIC from the plasma was measured
as described previously (26). Briefly, the enrichments of L-[1-13C]leucine and
13C-KIC were determined with a VG MD 800 quadrupole gas chromatography
mass spectrometry (Fisons MD 800, San Jose, CA) after conversion to the
tertiary butyldimethylsilyl and quinoxalinol tertiary butyldimethylsilyl deriv-
atives, respectively. The abundance of 13CO2 in breath was measured by gas
isotope ratio–mass spectrometry at the General Clinical Research Center at the
University of Vermont with a VG SIRA II Isotope Ratio Mass Spectrometer
(Middlewich, Cheshire, UK) as described previously (27). Plasma amino acid
concentrations were determined by HPLC.

Calculations. All kinetic data were calculated at near steady-state condi-
tions of [13C]leucine and [13C]KIC isotopic enrichment in the plasma and
13CO2 isotopic enrichment in expired air achieved during the last hour of the
basal and infusion periods. All calculations were based on the mean values of
KIC isotopic enrichment in the plasma and of 13CO2 production in the expired
air at the steady state. Plasma �-KIC, a transaminated product of leucine, is
used because the plasma enrichment of �-KIC closely resembles that of
intracellular [13C]leucine (28). Data were analyzed with a stochastic model as
described in detail previously (23,26,29–31). Endogenous leucine flux (Q) was
calculated with the equation

Q (�mol · kg�1 · h�1 leucine) � i Ei/Ep

where i is the amount of leucine infused (6 �mol · kg�1 · h�1), Ei is the tracer
isotopic enrichment [in moles % excess (MPE)], and Ep is the leucine (or KIC)
isotopic enrichment in the plasma (in MPE). The contribution of infused
leucine was subtracted from Q to obtain endogenous flux. The rate of leucine
oxidation was derived from the rate of expired 13CO2 (�mol · kg�1 · h�1), and
the plasma KIC enrichment was obtained with a correction of incomplete
recovery of body bicarbonate (23). Nonoxidative leucine disposal (NOLD; or
protein synthesis) and leucine derived from protein degradation were calcu-
lated from Q with the equation (Q) � NOLD � oxidation � protein degra-
dation � leucine intake. Leucine intake was the amount of leucine provided by
the amino acid infusion (31 �mol · kg�1 · h�1). Net leucine balance, an index
of net protein accretion or anabolism, was calculated as protein degradation �
protein synthesis (NOLD).

The enrichment of plasma leucine is known to be higher than the enrich-
ment of leucine at the site of protein synthesis and leucine oxidation. The
enrichment of KIC has been used in the calculation of leucine kinetics, because
it is more likely to represent the enrichment of leucine within the tissue, as
suggested by Matthews et al. (28). A recent study reported that the enrichment
of KIC in muscle tissue was higher than that of leucyl-tRNA (32). This would
mean that the rates of protein synthesis based on KIC enrichment underesti-
mate the true rate of protein synthesis.

Statistics. Two-tailed paired t test was used to compare data in the basal
and infusion periods. Data are expressed as mean � SEM. The mean value
of KIC enrichment during the last hour of both the basal and the infusion
periods was used for calculations of leucine kinetics. p � 0.05 was
considered significant.

Table 1. Clinical Characteristics of Subjects

N � 6 Mean � SD Range

Age (yr.) 14.6 � 1.2 12.3–15.7
Duration of Diabetes (yr.) 5.3 � 4.2 2.3–13.5
Height (cm) 162.7 � 7.6 155–175
Weight (kg) 54.2 � 8.3 47.0–69.5
Height velocity (cm/yr) 6.5 � 4.0 0.1–10.4
Weight velocity (kg/y) 5.6 � 1.4 3.2–7.0
Tanner stage 4.1 � 0.8 3–5
Insulin dose (u/kg/d) 1.1 � 0.3 0.8–1.6
Hemoglobin A1C (%) 8.7 � 0.9 7.1–9.6
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RESULTS

With the withdrawal of insulin, the concentration of plasma
glucose was elevated and the concentration of serum insulin
was low in all patients. The changes in plasma glucose (six
patients) and insulin (four patients) during the infusion of
insulin are shown in Fig. 1. In one patient, insulin levels were
determined only at the beginning and the end of the insulin
infusion. Data from this patient were included in the estimate
of changes in insulin levels, but the data are not shown in Fig.
1. A second patient had insulin antibodies. In this patient,
insulin levels were determined after precipitation of insulin
antibodies, followed by acid treatment to release insulin free of
circulating antibodies (ARUP Laboratories, Salt Lake City,
UT). As expected, when insulin was infused, plasma glucose
decreased significantly [from 20 � 3.3 mM (360 � 59 mg/dL)
to 10 � 0.83 mM (180 � 15 mg/dL; p � 0.001] and plasma
insulin concentration increased (from 3.99 � 1.75 to 58.3 �
8.52 �U/lm; p � 0.001).

Under basal (insulin withdrawn) conditions, the total plasma
amino acid concentration was 2075 � 362 �M, whereas
branched-chain amino acid (BCAA) were 537 � 89 �M (Table
2). During the infusion of insulin and amino acids, total and
BCAA were 2200 � 234 and 476 � 50 �M, respectively, both
of which were not significantly different from the basal period
(p � 0.17 for total and 0.57 for BCAA). With regard to
individual amino acids, alanine, glycine, phenylalanine, and
tryptophan increased by 27.3, 36.5, 26.5, and 33.9% (p � 0.05,
0.018, 0.017, and 0.006), respectively, whereas leucine and
tyrosine were decreased by 20 and 25.9% (p � 0.036 and
0.016), respectively.
Steady state for [13C]leucine and KIC isotopic enrichment in

the plasma (Fig. 2) and 13CO2 isotopic enrichment in expired
air were achieved during the last hour of the basal and the
infusion periods. None of the values for enrichment of KIC
during the last hour of infusion was significantly different
(ANOVA, p � 0.6). The [13C]leucine and KIC isotopic en-
richment were significantly different from each other both in
the basal state (4.45 � 0.14 versus 4.14 � 0.19 MPE; p �
0.005) and during the infusion of amino acids (4.64 � 0.16
versus 4.31 � 0.16; p � 0.008) with the ratio of KIC to
[13C]leucine enrichment 0.93 � 0.17 and 0.93 � 0.16 during
the basal and infusion periods, respectively.

The enrichment of plasma KIC was used in the calculation
of leucine kinetics, but the conclusions would be similar if the
assessment were based on the enrichment of plasma leucine.
Parameters of protein metabolism assessed from L-[1-
13C]leucine kinetics including leucine appearance (protein deg-
radation), nonoxidative leucine disappearance (protein synthe-
sis), and leucine oxidation during insulin withdrawal from
adolescents with type 1 diabetes and during infusion of insulin
and amino acids are shown in Fig. 3 and Table 3. The rate of
protein degradation in the basal (insulin withdrawn) state was
138 � 7.3 �mol · kg�1 · h�1, and the rate of NOLD (protein
synthesis) was 107 � 6.7 �mol · kg�1 · h�1. With the infusion

Figure 1. Change in plasma glucose and insulin concentrations. Plasma
concentrations of glucose (mg/dL; n � 6) and insulin (FU/mL; n � 4) in
pubertal children with type 1 diabetes. All patients were withdrawn from
insulin (see “Study Protocol”). From 0 to 180 min, patients received an i.v.
infusion of 0.83 mU · kg�1 · min�1 regular insulin with an amino acid mixture
(8.5% FreAmine III) that supplied 6.72 mg · kg�1 · h�1 N. Plasma glucose and
insulin were determined as described in “Methods.”

Table 2. Plasma amino acid concentration during basal and
infusion period

Basal Period
Infusion Period

Insulin � Amino Acid

Alanine 177 � 10.2 243 � 528*
Glutamic Acid 42 � 6.1 45 � 15
Asparagine 26 � 3.3 23 � 6
Serine 91 � 9.8 100 � 18
Glutamine 465 � 45.3 421 � 74
Histidine 62 � 4.9 68 � 15
Glycine 186 � 21.6 294 � 68*
Threonine 85 � 5.7 80 � 15
Citrulline 24 � 2.4 19 � 4
3MH 3 � 0.4 3 � 0.3
Arginine 58 � 4.9 63 � 13
Aspartic Acid 5 � 0.2 5 � 0.7
Phenylalanine 43 � 2.0 58 � 9*
Tyrosine 42 � 2.4 31 � 5*
Valine 265 � 17.1 247 � 24
Methionine 16 � 1.2 28 � 5
Tryptophan 36 � 1.2 55 � 9*
Taurine 23 � 3.7 20 � 8
Isoleucine 87 � 6.9 80 � 10
Orthinine 17 � 1.6 15 � 7
Leucine 185 � 13.9 148 � 20*
Lysine 136 � 9.4 152 � 45
BCAA 537 � 36.3 475 � 50
Total 2075 � 147.8 2100 � 234

Values are expressed as � moles/l and as means � SEM.
* Significantly different from the basal period, p � 0.05.

Figure 2. Time-related changes in plasma [13C]leucine and KIC isotopic
enrichment during the basal and infusion periods. [13C]leucine and KIC
enrichments were determined with gas chromatography–mass spectrometry as
described in “Methods.” The data are displayed as the mean MPE with SEM
for six patients who received 6 Fmol · kg�1 · min�1 [13C]leucine. Samples that
were taken before L-[13C]leucine infusion were used to determine the natural
abundance of [13C]leucine. The basal period and the period of insulin � amino
acid infusion were as described in the legend to Fig. 1.
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of insulin and amino acids, the rate of both protein degradation
and protein synthesis decreased significantly. The rate of pro-
tein degradation declined 27 � 1% to 101 � 5.3 �mol · kg�1

· h�1 (p � 0.001 versus basal), and the rate of protein synthesis
was decreased by 23.5 � 3.8% to 82.5 � 7.0 �mol · kg�1 · h�1

(p � 0.001 versus basal). The rate of leucine oxidation in the
insulin-withdrawn basal state (31.2 � 1.7 �mol/kg/h) in-
creased to 49.7 � 1.9 �mol · kg�1 · h�1 (p � 0.002) with the
infusion of insulin and amino acids. Leucine balance (protein
degradation � NOLD) was negative in the basal state (�31.2
� 1.66 �mol/ · kg�1 · h�1), and although there was a signif-
icant improvement in leucine balance with the infusion of
insulin and amino acids, leucine balance was still negative
(�18.9 � 2.04 �mol · kg�1 · h�1; p � 0.01).
Ideally, the intracellular leucyl-t-RNA specific activity

should be used for calculations of protein synthesis. As this
measurement is very invasive for multiple measurements in
adolescents and samples of multiple tissues for measurements
of whole-body protein metabolism, the enrichment of plasma
KIC often has been taken to represent the enrichment of
leucine at the site of amino acid oxidation and protein synthesis
(28). We also analyzed the data using plasma leucine enrich-
ment for the calculations. The changes in NOLD or protein
synthesis (96.6 � 3.7 versus 72.7 � 6.4 �mol · kg�1 · h�1; p

� 0.002) and protein degradation (128 � 4.3 versus 91.6 �
4.4; p � 0.001) with infusion of insulin and amino acids were
similar when the data were calculated from the enrichment of
plasma leucine.

DISCUSSION

This study demonstrates a suppression in endogenous pro-
tein degradation in growing male adolescents who were given
insulin with a simultaneous infusion of amino acids. The
patients of this study were on stable insulin regimens (see
Table 1) before the withdrawal of insulin for the study, and all
but one were growing at pubertal growth rates. The height and
weight velocities are shown in Table 1. From the mean weight
gain of 5.6 � 1.4 kg/y, it is possible to estimate the daily
protein accretion in these patients. Assuming body weight to be
15% protein for this age group (33), the increase in protein is
~2.3 g/d.
Previous studies in adults who had type 1 diabetes and were

studied during insulin withdrawal and insulin infusion had
suggested that insulin failed to stimulate protein synthesis but
rather reduced the rate of protein degradation (17,18,34,35).
Similarly, a study in young (mean age 10 y) patients with type
1 diabetes showed a similar effect of insulin infusion, namely,
a decreased rate of protein degradation (13). This also occurred
in the present study despite the provision of additional amino
acids. It is interesting that in all of these studies and in the
present study, the rate of protein synthesis (or NOLD) de-
creased during the infusion of insulin. Although diminished
protein degradation contributed to an improvement in protein
balance, patients were not in positive protein balance during
the infusion of insulin (10,13,16–18,35). Our findings concur
with these previous studies, even with an infusion of amino
acid substrate.
This result is in contrast to studies in animals demonstrating

a stimulation in the rate of protein synthesis in muscle with the
provision of insulin to normal, fasted animals (6) and a reduc-
tion in the rate of protein synthesis in muscle of diabetic
animals (36). This paradoxic difference between the animal and
human studies has been explained in two ways. One way is the
contrast between growth and maturity. An ability of young,
growing animals to increase protein synthesis in response to
insulin, that declines with age, has been reported frequently
(8,37–39). It perhaps is not surprising that the adolescent
human is less responsive to the effect of insulin than a growing
animal. The sensitivity of protein metabolism to the effect of
insulin in younger humans (e.g. infants) may be higher than
that of adolescents. However, one study in prepubertal children
demonstrated no effect of insulin on protein synthesis (13).
An alternative hypothesis for the decline in protein synthesis

observed with the provision of insulin to insulin-withdrawn
individuals is that insulin is unable to stimulate protein syn-
thesis as a result of a lack of available substrate. Because the
rate of protein degradation is reduced by insulin, there is a
reduction in the amount of amino acids available for the
synthesis of protein. Confirmation of this hypothesis has been
provided by studies in which amino acids were given along
with insulin. In the studies of adults who had type 1 diabetes

Figure 3. Leucine kinetics in adolescents with type 1 diabetes during insulin
withdrawal and insulin replacement. NOLD, leucine appearance, leucine oxi-
dation, and leucine balance were calculated from the enrichment of plasma
[13C]KIC, 13CO2, and CO2 production as described in “Methods.” The data are
expressed as �mol · kg�1 · h�1 leucine. The basal period (gray; without
infusion of insulin) and the period of insulin � amino acid infusion (black)
were as described in the legend to Fig. 1. Differences between the basal period
and the infusion of insulin � amino acid period were statistically significant,
**p � 0.001, *p � 0.01.

Table 3. Leucine Kinetics in Type 1 Diabetic Adolescents

Basal Period Insulin � Amino Acids

Total Leucine Flux 138.6 � 7.28 132.2 � 13.2
Exogenous Leucine Infusion 0 31
Leucine appearance 138.6 � 7.28 101.4 � 5.26**
KIC Oxidation 31.2 � 1.66 49.7 � 1.94*
Non-oxidative leucine disposal 107.3 � 6.69 82.5 � 7.02**
Net Leucine Balance �31.2 � 1.66 �18.9 � 2.04*

Values were calculated with [13C]KIC and are expressed as means � SEM
in �mole leucine/kg/hr. Differences between the basal period and during the
infusion of insulin � amino acid period were statistically significant.
** p � 0.001, * p � 0.01.
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and were given amino acids along with insulin, there was a
demonstrable increase in protein synthesis (16,17). However,
unlike the present study, in which the aim was to prevent the
decline in plasma amino acid levels during the infusion of
insulin, in both the study of Inciostro et al. (16) and the study
of Luzi et al. (17), amino concentrations in plasma were
significantly increased (1.5- to 2-fold) during the insulin and
amino acid infusion periods. Thus, it seems apparent that at
high enough concentrations, amino acids are able to enhance
the sensitivity of protein synthesis to insulin in individuals with
type 1 diabetes. However, the concentrations required seem to
be higher than the amino acid levels present in the postabsorp-
tive state. In contrast to studies in individuals with diabetes,
normal, healthy adults did respond to insulin with an increase
in protein synthesis when amino acids were maintained at
fasting levels (40).
In is unclear in the present study whether the failure of

protein synthesis to respond to insulin might have been due to
the fall in plasma leucine concentration between the basal state
and during insulin infusion. Although amino acids, particularly
leucine, have been shown to stimulate protein synthesis (41–
47), this effect is observed at plasma concentrations of leucine
that are significantly higher than postprandial levels. Clearly,
leucine at levels comparable to those achieved during feeding,
or higher, can stimulate protein synthesis, but what about levels
of leucine that are lower than fasting levels? Is it possible that
lower levels of leucine, such as the ~25% decline in plasma
concentration observed in the current study, can inhibit protein
synthesis? In this regard, a study reported by Kobayashi et al.
(48) is particularly relevant. Although the study assessed mus-
cle protein synthesis rather than protein synthesis in the whole
body and was conducted in growing pigs, the study demon-
strated that reduced levels of plasma amino acids (from hemo-
dialysis) reduced rates of protein synthesis (48). Although
similar studies have not been carried out in growing humans,
the data in the present study on whole-body protein synthesis
are consistent with the hypothesis that leucine levels lower than
those present during fasting are associated with reduced levels
of protein synthesis.
It would be most interesting to see whether lower levels of

leucine in the adolescent, in the absence of insulin, are accom-
panied by lower levels of protein synthesis. It would also be
interesting to see whether provision of higher levels of amino
acids to adolescents with type 1 diabetes would result in
sensitivity to insulin that was greater than that observed in
adults with type 1 diabetes.

CONCLUSION

In conclusion, our study confirms that the primary effect of
insulin in humans is to inhibit proteolysis. No evidence of the
ability of insulin to stimulate protein synthesis was apparent in
these adolescents, even when amino acids were infused with
insulin to prevent the hypoaminoacidemia resulting from inhi-
bition of protein degradation during insulin infusion. A sug-
gestion of dependence of whole-body protein synthesis on
plasma leucine concentrations, consistent with the study of
Kobayashi et al. (48) in growing pigs, was observed in the

present study of growing adolescents. The improvement in
leucine balance that was observed with the provision of insulin
was due to a reduction in the rate of protein degradation that
exceeded the decline in the rate of protein synthesis. The study
suggests that positive leucine balance requires higher levels of
amino acids, perhaps particularly leucine, than were achieved
in the present study. The exact nature of the dependence of
protein synthesis on both insulin and amino acid levels, par-
ticularly leucine, in the adolescent human remains to be
delineated.
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