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Abstract

To investigate the mechanism(s) of insulin-induced suppres-
sion of plasma amino acid concentration and release, we studied
forearm as well as whole-body leucine and phenylalanine up-
take and release during a peripheral insulin infusion in postab-
sorptive normal subjects using isotope-dilution methods. Be-
fore insulin, leucine and phenylalanine release exceeded uptake
(P < 0.01 and P < 0.07, respectively). A net output of a-ketoi-
socaproate (KIC) was also observed. During insulin, arterial
plasma leucine, KIC and phenylalanine concentrations de-
creased (P < 0.05 or less vs. basal), despite ongoing net output
of these substrates by the forearm, that persisted after correc-
tion for the mean transit time spent through the extracellular
muscular space. By the end of insulin, whole-body leucine and
phenylalanine concentrations and rate of appearance were de-
creased (P < 0.01 vs. basal). However, release and uptake of
both amino acids by the forearm were not significantly de-
creased vs. the preinsulin values. These data indicate that sys-
temic hyperinsulinemia acutely decreases plasma amino acid
concentrations by acting primarily at sites other than skeletal
muscle. (J. Clin. Invest. 1991. 88:27-33.) Key words: amino
acid uptake * amino acid release * leucine rate of appearance-
phenylalanine rate of appearance * net amino acid output

Introduction

The mechanisms by which insulin influences amino acid as
well as protein turnover in vivo have been investigated with
isotope dilution techniques in the last years, both in the whole
body and at organ level (1-7). While there is a general agree-
ment on the effect of the hormone to decrease whole-body rate
of appearance (Ra)' of essential amino acids and therefore of
proteolysis ( 1-7), the organs and/or tissues responsible for this
effect have been less clearly identified. In a pioneering study
(1), infusion of insulin into the portal bed so as to mimic the
physiologic infusion route decreased leucine concentration

This work was presented in abstract form at the 26th Meeting of the
European Association for the Study of Diabetes, Copenhagen, 10-13
Sept. 1990.

Address correspondence to Dr. Paolo Tessari, Cattedra di Malattie
del Ricambio, Istituto di Medicina Clinica, Policlinico Universitario,
via Giustiniani 2, 35128 Padova, Italy.

Received for publication 16 July 1990 and in revised form 3 De-
cember 1990.

1. Abbreviations used in this paper: AUC, areas under the curve; KIC,
a-ketoisocaproate; MTT, mean transit time; R., rate of appearance.

and its rate of appearance by decreasing liver and splanchnic
release of this amino acid (1). However, since skeletal muscle
represents the most abundant deposit of body proteins, it is of
major interest to investigate the effects of hyperinsulinemia
also at this level. In a recent study (8) the infusion of insulin
directly into the brachial artery with no systemic perturbation
of amino acid and hormone concentrations decreased the net
negative balance of two essential amino acids (leucine and phe-
nylalanine) across the forearm, exclusively by inhibiting pro-
teolysis (8). This experimental approach, designed to investi-
gate the effects of insulin per se on skeletal muscle, may be not
considered physiological, since insulin is normally delivered
into the splanchnic bed and thereafter into the systemic circu-
lation. Thus, its overall effects on plasma amino acid levels and
turnover are the result of simultaneous metabolic actions on a
variety of tissues and organs. An infusion of the hormone into
the peripheral vascular bed with generalized hyperinsulinemia
accompanied by changes of plasma amino acid and other sub-
strate concentrations may elicit a different response at the level
of skeletal muscle.

To address this question, we have investigated the effects of
a systemic increase of plasma insulin levels on leucine and
phenylalanine concentrations and kinetics in healthy man, us-
ing the forearm model as a mirror of skeletal muscle metabo-
lism. The arterial-deep venous catheterization technique was
combined with the peripheral infusion of [3H]phenylalanine
and ['4C]leucine tracers. Since phenylalanine is not metabo-
lized by muscle (9-1 1), its uptake represents incorporation into
protein, while its release reflects proteolysis. As opposed to phe-
nylalanine, the metabolism of leucine is more complex, be-
cause of the extensive and rapid interconversion of this amino
acid with its a-ketoanalogue, a-ketoisocaproate (KIC) (12, 13).
Moreover, skeletal muscle is a site, even if to a different extent,
of both a transaminase and an oxidative activity for this amino
acid and KIC (14). Therefore, as regards leucine, only estimates
of uptake and release by the forearm are presented, with no
conclusions about its oxidative as well as nonoxidative utiliza-
tion.

Methods

Isotopes. L-[2,6_3H]phenylalanine (50 Ci/mmol) ([3H]phenylalanine)
and L-[l-'4C]leucine (55 mCi/mmol) (['4C]leucine) were purchased
from Amersham Int'l., Amersham, UK. The isotopes were purified by
HPLCand found to be 92-94% pure. Actual isotope infusion rates
were corrected accordingly. All isotopes were proven to be sterile and
pyrogen free before use.

Experimental design. Seven male healthy volunteers (age, 22-30 yr;
body mass index, 22-25) were admitted to our metabolic unit after the
overnight fast. The protocol was explained in detail to each subject,
who signed a written consent to the study. The study was part of a more
comprehensive protocol previously submitted and approved by the
competent authorities of the local medical faculty. Polyethylene cath-
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eters were placed percutaneously into the brachial artery and, in a re-
trograde fashion, into an ipsilateral deep vein until the tip of the cath-
eter was no longer palpable under the skin (15). This vein drained
predominantly blood from the muscle tissue (15). An additional cath-
eter was placed into an antecubital vein of the opposite arm for isotope,
insulin, and glucose infusions. A primed continuous infusion of [3H]-
phenylalanine and ['4C]leucine was then started by means of a cali-
brated pump (Harvard Apparatus Co., Inc., The Ealing Corp., S. Na-
tick, MA). Priming doses were - 20 times (for phenylalanine) and 30
times (for leucine) the corresponding continuous infusion rate per min.
Isotope infusion rates are reported in Table I. Venous plasma samples
were taken every 30 min (data not shown) to assess the achievement of
steady-state conditions of plasma substrate concentrations and
radioactivities, effectively attained 2 h after the start of isotope infu-
sions (Figs. 1 and 2). Thereafter, four arterial and deep venous samples
were withdrawn almost simultaneously at 10-min intervals over 30
min. The arterial samples were taken 10-20 s after the deep venous
ones to prevent an acute hypoperfusion of the forearm vascular bed.
An unprimed continuous insulin infusion at the rate of 0.05 U/
in2. min was then started. The insulin solution was prepared as de-
scribed elsewhere (5). Blood glucose was maintained at the basal, eugly-
cemic levels by means of appropriate 20%dextrose infusions. Arterial
and deep venous samples were then taken after 15, 30, 45, 60, 90, 120,
150, 160, 170, and 180 min from the start of the insulin infusion. Two
additional samples for the measurement of plasma flow were taken
both before and by the end of the insulin infusion. 5 min before the
withdrawal of each blood sample, the circulation of the hand was ex-
cluded by means of a pediatric sphingomanometer inflated at 170-180
mmHg.

Analytical measurements. Blood was collected into EDTA tubes
and rapidly centrifuged at 4°C. The plasma was then stored at -20°C

Table I. Isotope Infusion Rates, Forearm Plasma Flow, Steady-
State Substrate (4mol/liter), and Isotope (DPM/ml)
Concentrations, in Arterial and in Deep Venous Plasma,
before and after Insulin Infusion

Before insulin After insulin

Forearm plasma flow
(ml/kg. min) 27.3±4.5 33.2±3.4

Concentrations
Leucine A 140±4 95±4*

dV 145±5* 94+4*
KIC A 40±2 25±2*

dV 43±2* 26±2*
Isoleucine A 42±2 16±2*

dV 47±4* 17±2*
Phenylalanine A 44±5 29±3*

dV 48±5§ 30±3*
Radioactivity

['4C]leucine A 316±51 243±34*
dV 258±36* 193±32**

['4C]KIC A 68±11 51±10*
dV 64±11 44+9**

[3H]phenylalanine A 511 ± 103 422±82*
dV 425±81* 321±50**

Isotope infusion rates
(DPM/kg min)

[14C]leucine 4197±508
[3Hlphenylalanine 7708±747

* P < 0.01, after vs. before insulin; * P < 0.01, arterial vs. deep venous
values; I P < 0.07, arterial vs. deep venous values. A, arterial; dV,
deep venous.
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acid, injected into the HPLC, within the ranges achieved in this study
was obtained. KIC concentration and SAwere also measured by HPLC
as referenced (16). Most samples were run in duplicates. Plasma insulin
and glucose were determined as reported in (5). The concentrations of
intermediary metabolites in the whole blood were measured as re-
ported in (18). Plasma free fatty acid concentrations were determined
by an enzymatic method (19).

Determination of plasma flow. Plasma flow was determined with
the dye-dilution method as described in (15, 20). Indocyanine green
(Cardiogreen; Hynson, Westkott & Dunning, Baltimore, MD)was dis-
solved with 0.9% saline containing 5%albumin. The dye was infused
directly into the arterial catheter for 5 min before each blood flow
determination, by means of a calibrated pump. During this period, the
flow of the hand was excluded with a pediatric sphingomanometer
placed around the wrist and inflated at 170-180 mmHg. Samples for
plasma flow analysis were collected very slowly from the deep vein to
avoid perturbation of flow. The concentrations of the dye in the infu-
sate after proper dilution, as well as in the serum samples, were deter-
mined spectrophotometrically at 5 lOX. Recirculation of the dye was
quantitated with a sample taken from a vein of the opposite arm, and
found to be negligible (< 5%). The values of the two baseline, as well as
those of the two postinsulin samples, were averaged to obtain the
plasma flow values before and after the start of the insulin infusion.
Forearm mass (a forearm vol) was measured by water displacement.

Calculations and statistical analyses. All kinetic measurements
were performed at steady state of plasma concentrations and specific
activities effectively attained in the last 30 min of the basal period, as
well as in the last 30 min of the insulin infusion period (Figs. 1 and 2).
Whole-body phenylalanine and leucine Ra were calculated using the
arterial plasma SAand conventional equations (10, 21, 22). Leucine R.
was calculated using both the "primary" and the "reciprocal pool"
model (13). Forearm uptake of phenylalanine and of leucine were cal-
culated by applying the following equation:

DPMa DPMV
ml ml 1

SAa X Fx V

where: DPMJml is radioactivity concentration in the artery; DPMv/ml
is radioactivity concentration in the deep vein; SAa is the specific activ-
ity (DPM/nmol) in the artery; F is plasma flow, expressed as milliliters
per minute; and V is the forearm mass (expressed in grams).

Amino acid release was then calculated by adding the arterial deep
venous difference to uptake. The difference between the arterial and
the deep venous concentrations ofleucine, KIC, isoleucine, and phenyl-
alanine were also analyzed by introducing a correction for the calcu-
lated delay in equilibration of the venous concentration, due to dilu-
tion within the extracellular muscular space during the insulin infusion
period, i.e., at a time when concentrations changed over time. This
"delay," or "correction," is represented by the mean transit time
(MTT) that each molecule has to spend to travel across the extracellu-
lar muscular space. This MTTis calculated by dividing the extracellu-
lar space of muscle tissue (expressed as milliliters per kilogram muscle)
by the estimated plasma flow through the muscle fibers (expressed as
milliliters per kilogram per min) (23). Of course, this approach does not
account for the intracellular diffusion and equilibration of these mole-
cules. In fact, it may be possible that a response to the hypoaminoacide-
mic effect of insulin is more prompt intracellularly, but it becomes
manifested only later in the deep venous plasma. However, in our
opinion, the interpretation of changes in net organ balance of a sub-
strate does not need to account for its intracellular exchange, when one
measures systemic changes in concentrations and the net forearm out-
put of a substrate. In addition, it is likely that a considerable fraction of
leucine (and of phenylalanine) delivered with the arterial blood supply
bypasses its intracellular metabolism, i.e., it behaves as metabolically
inactive. This fraction has been recently estimated to represent as much
as 60% of the arterial leucine supply in the catheterized dog gut in

vivo (24). Even though this figure is not yet available as regards muscle,
such a possibility cannot be dismissed. In any case, the description of
the overall picture of extracellular as well as intracellular amino acid
kinetics under non-steady-state conditions, in the whole body as well
as across the cell membrane of individual tissues, is not yet available,
and it will probably require a remarkable effort both from the experi-
mental and the mathematical point of view. The solution of these com-
plex problems may represent the most stimulating task in this field for
the following years.

This calculation of MTThas recently been used as regards glucose
metabolism in the human forearm (23), and it yields an estimate of
MTTcomparable to that calculated by a compartmental model ap-
plied to L-glucose that is not transported inside the cell (23) and there-
fore diffuses only extracellularly. Since MTTis dependent on extracel-
lular muscular space and on forearm muscle plasma flow, it must be
valid as regards the extracellular equilibration for every substrate, i.e.,
glucose, amino acids, etc. MTT that is expressed in minutes corre-
sponds therefore to the time required by plasma to clear the whole
extracellular muscle space.

To calculate MTT, forearm muscle mass was assumed to represent
60% of forearm mass (25), and the extracellular space pertaining to
muscle was assumed, from literature data, to be 95.8 ml/kg muscle (23,
25). Plasma flow through muscle fibers was calculated by multiplying
total forearm plasma flow by the factor (0.47 X total forearm plasma
flow +8.3) (25). The original HPLC-measured, arterial as well as deep
venous, leucine, KIC, isoleucine, and phenylalanine concentrations of
each subject were used to fit a curvilinear plot of both the arterial and
venous concentrations before and during the insulin infusion, using a
computer program (Harvard Graphics, Software Publishing Co.,
1987). Thereafter, the venous values at each time point, increased by
each individual's mean transit time, were identified along each plotted
line. Using this correction, the so-calculated venous values were com-
pared for the statistical analysis with the arterial values also identified
along the best fit curve at the corresponding time point. In other words,
the time points of the arterial values along the best fit curve were those
of the actual sampling time, while those of the deep vein, also identified
along the fitted curve, were increased by each subject's MTT.

The area under the curve of both the arterial and the venous values
was also calculated using conventional computer programs. For the
statistical analysis, the two-tailed paired t test was employed to test
arterial vs. deep venous concentration data, as well as the concentra-
tion and the kinetic values after vs. before insulin. In addition, the
steady-state kinetic data (after vs. before insulin) were analyzed using
the one way analysis of variance (ANOVA) for replicated measures.
However, since under these conditions of only one replication the
square root of the F value is equal to the t value of the paired t test, we
do not report the ANOVAanalysis. A Pvalue equal to or less than 0.05
was taken as statistically significant. All data have been expressed as
mean±SE.

Results

Substrate concentrations and specific activities. Plasma insulin
increased from 8±1 ,uU/ml of the basal, postabsorptive state to
75±6 MU/ml after the insulin infusion (P < 0.01). Plasma glu-
cose concentrations were 85±2 mg/dl in the basal state and
were maintained at the same level throughout the study (data
not shown). In the basal state, leucine, isoleucine, and KIC
concentrations were significantly greater (P < 0.01) in the deep
venous plasma than in the arterial one, indicating a small but
significant net substrate output by the forearm (leucine
= -4.8±1.6; isoleucine = -5.1±1.7; KIC = -3.0±0.9 Mmol/
liter) (Table I). Deep venous phenylalanine concentrations
were also slightly, even if not significantly, greater than in the
artery (arterial/deep venous difference: -4.6±2.1 Mmol/liter),
this difference approaching statistical significance (t = 2.17, P
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Table II. Arterial and Deep- Venous Leucine, KIC, Isoleucine, and Phenylalanine Concentrations Calculated According to a Best Fit
Curve through the Individual Values (See Methods)

Time (min) -30-0 +15 +30 +45 +60 +90 +120 +150-180 AUC

Leucine A 140±4 138±4 131±3 128±3 110±4 110±4 101±3 95±4 17481±444
(Mgmol/liter) dV 145±5* 144±4* 140±4* 135±4* 126±3* 113±4* 103±3 94±4 18084±528*

KIC A 40±2 40±3 39±3 37±3 34±2 29±2 26±2 25±2 4820±320
(,gmol/liter) dV 43±2* 43+3* 42±3* 40±3* 38±3* 32±2* 28±2* 26±2 5216±322*

Isoleucine A 42±2 42±3 40±4 36±3 33±4 28±4 21±3 16±2 4525±462
(Amol/liter) dV 47±4* 46±5* 45+5* 40±3* 36±3* 29±4 23±3* 17±2 4930±500*

Phenylalanine A 44±5 43±4 41±4 40±4 37±4 35±4 31±3 29±3 5438±532
(,Mmol/liter) dV 48±5* 50±5* 49±4* 47±4* 44+3* 36±4 32±3* 30±3 6041±538*

Deep venous values were extrapolated along the curve by correcting for each individual's mean transit time across the estimated extracellular
muscular space. AUCthroughout the study period are also reported. Basal (i.e., from -30 to 0 min) as well as postinsulin (from 150 to 180
min) values were averaged. All values are mean±SE. * P < 0.05 or less; * P < 0.07; deep venous vs. arterial values. A, arterial; dV, deep venous.

< 0.07) (Table I). 30-60 min after the start of insulin, signifi-
cant decrements with respect to basal values in the arterial con-
centrations of leucine, KIC, and phenylalanine were detected
(Fig. 1). However, deep venous plasma concentrations of all
substrates remained greater (P < 0.05-P < 0.001) than the
arterial concentrations at almost each time point during the
insulin infusion (Fig. 1). Isoleucine levels followed the same
pattern (data not shown). By the end of insulin, percent arterial
decreases of leucine, KIC, isoleucine, and phenylalanine con-
centrations were 38, 38, 61%, and 34%, respec-
tively, vs. baseline. After insulin, the concentrations in the deep
venous plasma were not statistically different from those of the
artery (Table I, Fig. 1).

The calculated arterial and deep venous plasma concentra-
tions of leucine, KIC, isoleucine, and phenylalanine, using the
best fit computer program and the corrections, as regards the
venous values, for the estimated mean transit time across mus-
cle fibers, are reported on Table II. The average mean transit
time across the extracellular muscle space was 3.13±0.52 min.
Even with this correction, during the insulin infusion deep ve-
nous concentrations were consistently greater than the corre-
sponding arterial ones at least for the first 90 min (Table II).
Also the area under the curve (AUC) of the deep venous values,
corrected for the mean transit time, were all statistically greater
than the arterial areas for leucine, K1C, isoleucine, and phenyl-
alanine (Table II).

Plasma leucine, KIC, and phenylalanine SAwere greater in
the artery than in the vein throughout the study (Fig. 2). This

Table III. Whole-Body Leucine and Phenylalanine Ra at Steady
State before and after Insulin Infusion

Leucine R. Phenylalanine

Primary pool Reciprocal pool R.

Before insulin 2.03±0.26 2.70±0.23 0.73±0.08
After insulin 1.76±0.25* 2.34±0.24* 0.57±0.05*

The leucine data have been calculated using both the primary and the
reciprocal pool model (see ref. 13). The kinetic data are expressed as
micromoles per kilogram times minutes. * P < 0.01, after vs. before
insulin.

pattern, at variance with respect to that observed for the con-
centrations (Tables I and II, Fig. 1) indicated a simultaneous
release and uptake of these amino acids and of KIC. Arterial
plasma ['4C]leucine, ['4C]KIC and [3H]phenylalanine SA in-
creased (P < 0.01) after the start of insulin, reaching a steady-
state value by the end of the hormone infusion (Fig. 2). Plasma
flow in the postabsorptive state was 27.3±4.5 ml/min, and it
did not significantly change after insulin (to 33.2±3.4 ml/min).

Whole-body and forearm leucine and phenylalanine ki-
netics. Whole-body leucine Ra (primary as well as reciprocal
pool model calculations) and phenylalanine R. decreased signif-
icantly (P < 0.01) by 13%, 13%, and 22%, respectively,
after vs. before insulin (Table III). In the basal state, forearm
leucine release was significantly greater (P < 0.01) than uptake,
thus resulting as reported above, in a net output of this amino
acid (Table IV). Phenylalanine release was slightly but not sig-
nificantly greater (t = 2.17, P < 0.07) than uptake (Table IV).
After insulin, both uptake and release of leucine by the forearm
decreased with respect to baseline by 10% and by 26%,
respectively. However, these changes did not achieve statistical
significance because of two crossover values as regards the
former parameter, and one as regards the latter. Similarly, phe-
nylalanine uptake and release decreased by 7% and by

23%, respectively (Table IV), but, again, these changes were
not significant, because of an even larger disomogeneity in the
directions of changes (three vs. four). However, by the end of
the insulin infusion, uptake of both leucine and phenylalanine

Table IV. Forearm Uptake and Release of Leucine and
Phenylalanine before and after Insulin at Steady State

Before insulin After insulin

zmol/min - kg forearm

Leucine data
Uptake 0.640±0.150 0.579±0.092
Release 0.735±0.150* 0.541±0.057

Phenylalanine data
Uptake 0.215±0.068 0.201±0.059
Release 0.309±0.066 0.238±0.049

* P < 0.01 uptake vs. release.
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were no longer statistically different from the corresponding
release values (Table IV).

After extrapolation to whole-body muscle mass (15, 23, 24,
26), leucine release by muscle tissues, expressed as percent of
whole-body Ra (primary pool model), did not change before
(24±6%) vs. after insulin (20±3%); similarly, percent phenylala-
nine release by total skeletal muscle was also unaltered (29±7%
to 28±7%, respectively).

Intermediary metabolites. The arterial concentrations of
some intermediary metabolites are reported on Table V. Lac-
tate concentrations increased; those of glycerol, fl-hydroxybu-
tyrate, free fatty acids, and some amino acids decreased, after
the start of the insulin infusion.

Discussion

In this study we show that the acute induction of systemic
hyperinsulinemia reduces whole-body concentrations and rate
of appearance of two essential amino acids, leucine and phenyl-
alanine, without affecting either their net output by the fore-
arm (i.e., the difference between arterial and deep venous con-
centrations), at least during the first 2 h of the insulin infusion,
or their steady-state kinetics (i.e., both uptake and release) at
the forearm level, before vs. after insulin. Since the forearm
mass is mainly represented by muscle (25), our data indicate
that muscle is not the most immediate target site of this insulin
action. Therefore, under the commonly accepted assumption
that release into the circulation of essential amino acids reflects
proteolysis (10, 21, 22), our data suggest that the early inhibi-
tion of whole-body protein degradation by systemic hyperinsu-
linemia does not take place at the level of skeletal muscle.

Our findings are quite surprising and in apparent contrast
with literature data (8, 27, 28). Previous studies performed with
the infusion of insulin directly into the brachial artery indeed
showed that insulin inhibited the release of essential amino
acids by the forearm and improved their net balance (8, 27, 28).
The aim of those experiments was to study the effects of a single
variable, i.e., a local increase in insulin levels on forearm amino

Table V. Arterial Concentrations of Intermediary Metabolites and
Selected Amino Acids before and after Insulin Infusion

Before insulin After insulin

glmollliter

Lactate 0.545±0.042 0.915±0.083*
Pyruvate 0.022±0.005 0.039±0.009
Glycerol 0.083±0.017 0.060±0.016*
fl-Hydroxybutyrate 0.083±0.017 0.035±0.006*
Acetoacetate 0.139±0.011 0.125±0.017
Free fatty acids 0.390±0.087 0.050±0.012*
Lysine 190±37 155±27*
Isoleucine 49±8 23±6*
Valine 271±28 198±21*
Tryptophane 54±17 37±12*
Proline 424±39 237±47
Alanine 454±39 474±30
Glycine 293±41 270±39*
Serine 154±22 134±11

acid uptake and release without any change in systemic hor-
mone as well as substrate (amino acids, free fatty acids, ketone
bodies) concentrations. It is quite possible that the mainte-
nance of basal substrate concentrations, above all amino acids,
allowed the effects of local hyperinsulinemia on leucine and
phenylalanine release by the forearm to be fully manifested. In
contrast, in our study arterial leucine and phenylalanine con-
centrations were allowed to decrease, thus possibly preventing
an effect of insulin also at the forearm level. In fact, recent
reports have underscored the major role of amino acid levels in
conditioning their own utilization in the whole body indepen-
dently from insulin concentrations (4-6, 29). These consider-
ations, however, do not explain why, under conditions of a
more physiological, systemic insulin infusion like those of our

study, arterial leucine and phenylalanine concentrations and
Ra decreased, despite no active increase in their uptake nor a
significant decrease in their release by the forearm. Therefore,
other organs and/or tissues, which may respond to insulin
more promptly than skeletal muscle and, possibly, not depend-
ing on circulating amino acid levels, must be the more immedi-
ate target sites of the systemic effects of the hormone.

In the attempt to identify these sites from a functional if not
an anatomical point of view, a first consideration should be
made. The half-life of most visceral proteins is quite fast, from
minutes to a few hours (10); therefore they may respond more
promptly to insulin. Moreover, under stress conditions, whole-
body amino acid (and protein) catabolism increases, but the
concentrations and the rate of synthesis of some acute-phase
hepatic proteins (i.e., fibrinogen and other globulins) increase
(10). More recently, it has been shown that during insulin-in-
duced hypoglycemia, leucine concentration and Ra decrease at
first, but then they increase again, because of an increased re-
lease of this amino acid by the splanchnic region (30). There-
fore, it is conceivable that some dissociation between organs
may occur as regards the proteolytic response to certain stim-
uli, and that visceral organs and/or short-lived proteins, besides
accounting for a significant portion of whole-body amino acid
disposal and turnover (10, 31), may also respond more quickly
to a variety of stimuli, including insulin. Of course, this hy-
pothesis needs to be substantiated by direct experimental evi-
dence.

The conclusions of our study are based upon data obtained
both in the steady-state and in the non-steady-state experimen-
tal periods. Indeed, as regards the kinetic data, uptake and re-
lease of both leucine and phenylalanine, calculated at steady
state before and at the end of hormone administration, showed
a variable decrease after insulin; however, these changes did
not achieve statistical significance (see Results). Failure to at-
tain a significant difference does not depend on the number of
subjects studied (seven), as indicated also by the phenylalanine
data (see Results). Since phenylalanine is not metabolized by
muscle (9-1 1), (i.e., its uptake represents incorporation into
protein), the kinetic data of this amino acid appear confirma-
tory of those of leucine, and strongly support our conclusions.
In any case, the view that insulin eventually exerted some effect
on muscle amino acid metabolism may not be excluded. In
fact, after the insulin infusion, percent leucine as well as phenyl-
alanine release by the forearm were decreased grossly to a larger
extent than their uptake; moreover, the net arterial, deep ve-

nous differences of leucine, KIC, isoleucine, and phenylalanine
were no longer different from zero at the end of the insulin
infusion. In addition, the extrapolation to whole-body skeletal
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* P < 0.05 or less, before vs. after insulin infusion.



muscle mass showed no change in percent leucine as well as
phenylalanine release by total skeletal muscle with respect to
whole-body Ra. These data indicate a coordinated decrease in
the release of essential amino acids from proteolysis occurring
at several sites but with a different time pattern. Therefore, on
the whole, these findings may indicate that amino acid (and
protein) turnover in the forearm were eventually decreased by
hyperinsulinemia (after 2 h). Alternatively, this late suppres-
sion at the forearm level in the net output, as well as in Rag of
essential amino acids, observed at the end of insulin, might
have occurred because whole-body turnover and concentra-
tions also decreased, i.e., the arterial supply of amino acids to
the forearm was decreased. Since in the early period of the
insulin infusion the forearm did not switch from output to net
uptake of these essential amino acids, the latter hypothesis can-
not be excluded but, actually, it seems more likely.

As regards the non-steady-state portion of the study, i.e.,
during the acute decrease of leucine and phenylalanine concen-
trations, the interpretation of kinetic data is limited since no
validated model exists at present to calculate amino acid up-
take and release under these conditions. Therefore, only the net
arterial deep venous difference, i.e., the net output of leucine,
KIC, phenylalanine, and, in this case, also of isoleucine, by the
forearm, can retain a physiological meaning. Again, these data
do not show any role of the forearm in the net removal of these
three essential amino acids and of KIC after the acute induc-
tion of systemic hyperinsulinemia. This conclusion is con-
firmed also after the correction of the data for the estimated
delay of equilibration of the venous concentrations, due to di-
lution within the extracellular muscular space (see Methods).

In the postabsorptive state, the net output of the three es-
sential amino acids by the forearm indicated that skeletal mus-
cle contributed to some extent to the maintenance of their
systemic levels, as suggested years ago by Pozefsky and col-
leagues (27). Consequently, it suggests also that net amino acid
removal occurs at extramuscular sites in the postabsorptive
state, at steady-state conditions. Arterial and deep venous fore-
arm concentrations of amino acids are therefore dependent
upon each other. Theoretically, the decrease of the arterial lev-
els might have been the consequence of a possible insulin-in-
duced suppression of forearm net amino acid release into the
deep venous plasma, resulting in systemic amino acid levels no
longer sufficient to maintain the basal, preinsulin arterial con-
centrations. Alternatively, deep venous concentrations de-
creased because arterial levels decreased. It is clear that the
choice between these two hypotheses requires a careful analysis
of the time-dependency of the observed phenomena across the
forearm, as well as across other in vivo accessible districts. In
this study, only forearm amino acid exchange was measured.
From the data of Fig. 1, as well as from the deep venous data
corrected for the mean transit time within the extracellular
muscular space (Table II), the last hypothesis that is key in the
overall conclusion of our study appears to be the most accept-
able. Of course, it would be extremely interesting to measure
also splanchnic amino acid exchange under the same experi-
mental conditions.

Other metabolic interactions must also be considered.
Since increased free fatty acid concentrations have been shown
to decrease leucine release in the whole body in dogs (32), as
well as at the forearm level in humans (33), and increased ke-
tone body concentrations, in particular fl-hydroxybutyrate,
have been shown to stimulate whole-body and muscle protein

synthesis (34), the decrease of free fatty acid and ketone body
concentrations during insulin might have offset a possible stim-
ulating effect of the hormone itself on amino acid deposition
within the forearm. This hypothesis needs to be tested in fur-
ther studies.

Our data extend to skeletal muscle previous findings ob-
tained in the whole body (4-6) that suggested that the in vivo
utilization of an essential amino acid, like leucine, is not stimu-
lated by insulin. The utilization of leucine, both in the whole
body and at organ level, appears therefore to depend mainly on
the circulating levels of this amino acid (5, 6). The lack of any
stimulatory effect of insulin on leucine and phenylalanine up-
take is paralleled by the in vitro demonstration of no enhance-
ment by insulin of amino acid L-transport system (35), which is
specific, among other essential amino acids, also for leucine
and phenylalanine (36). Recently, we have reported that in
type 1 diabetic patients studied after an overnight insulin with-
drawal and a subsequent intravenous insulin infusion, leucine
and KIC uptake and release by the forearm were not affected
by a peripheral insulin infusion, in the face of a marked reduc-
tion in systemic leucine and KIC concentration and Ra (26).
Those data, therefore, were qualitatively similar to what was
observed in this study in normal volunteers. In that protocol,
however, we could not exclude that the presence of insulin
resistance, hyperglycemia, and/or other metabolic distur-
bances due to the preceding insulin lack possibly antagonized
the effects of insulin at the forearm level. Moreover, a phenylal-
anine tracer was not used. In this study we confirm the validity
of that observation also in normal subjects, under more con-
trolled conditions and with the aid of a simultaneous infusion
of tracers of two essential amino acids. A direct comparison
between the effects observed in type 1 diabetes and in normal
subjects is however not possible, due to the different levels of
amino acids and of insulin achieved in the two protocols (26).

In conclusion, our study indicates that little of the systemic
effects of acute hyperinsulinemia on amino acid metabolism
occurs at the level of skeletal muscle, therefore indirectly un-
derscoring the role of extramuscular districts as the immediate
targets of these insulin effects. This observation may be rele-
vant as regards both the understanding of the physiology of
insulin action in vivo and the design of parentheral nutritions
regimens that include also insulin.
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