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Abstract

 

The relative role of protein synthesis and degradation in de-

termining postprandial net protein deposition in human

muscle is not known. To this aim, we studied forearm leu-

cine and phenylalanine turnover by combining the arterio-

venous catheterization with tracer infusions, before and

following a 4 h administration of a mixed meal in normal

volunteers. Forearm amino acid kinetics were assessed in

both whole blood and plasma. Fasting forearm protein deg-

radation exceeded synthesis (

 

P

 

 

 

,

 

 0.01) using either tracer,

indicating net muscle protein loss. The net negative forearm

protein balance was quantitatively similar in whole blood

and in plasma. After the meal, forearm proteolysis was sup-

pressed (

 

P

 

 

 

,

 

 0.05–

 

,

 

 0.03), while forearm protein synthesis

was stimulated (

 

P

 

 

 

,

 

 0.05–

 

,

 

 0.01). However, stimulation of

protein synthesis was greater (

 

P

 

 

 

,

 

 0.05–

 

,

 

 0.01) in whole

blood (leucine data: 

 

1

 

50.4

 

6

 

7.8 nmol/min 

 

3

 

 100 ml of fore-

arm; phenylalanine data: 

 

1

 

30.4

 

6

 

11.6) than in plasma (leu-

cine data: 

 

1

 

17.8

 

6

 

5.6 nmol/min 

 

3

 

 100 ml of forearm; phe-

nylalanine data: 

 

1

 

5.7

 

6

 

2.1). Consequently, the increment of

net amino acid balance was approximately two to fourfold

greater (

 

P

 

 

 

,

 

 0.04–

 

,

 

 0.03) in whole blood than in plasma. In

conclusion, meal ingestion stimulates forearm protein depo-

sition through both enhanced protein synthesis and inhib-

ited proteolysis. Plasma data underestimate net postpran-

dial forearm protein synthesis, suggesting a key role of red

blood cells and/or of blood mass in mediating meal-

enhanced protein accretion. (

 

J. Clin. Invest. 

 

1996. 98:1361–

1372.) Key words: postprandial state 

 

•

 

 forearm protein syn-

thesis 

 

•

 

 forearm proteolysis 

 

•

 

 leucine oxidation

 

Introduction

 

Conservation of body proteins is attained through meal-
induced enhancement of tissue protein deposition, which
counteracts the protein loss of interprandial periods (1, 2). Net
protein deposition in tissues is the result of a balance between
degradation and synthesis. Knowledge of response to meal of
both these processes is important, firstly to understand the
normal physiological mechanisms, secondly to investigate
pathological states which may selectively alter postprandial
proteolysis, protein synthesis, or both.

Several studies in humans have shown that meal ingestion
is accompanied by both an increase of whole body protein syn-
thesis and a suppression of protein degradation (3–11). How-
ever, the response to meal of protein kinetics in individual hu-
man body tissues is far less known. Synthesis of albumin, i.e.,
the most abundant plasma protein, was stimulated by a mixed
meal (11). It is surprising, however, that possible changes of
postprandial protein turnover occurring in skeletal muscle, i.e.,
the most abundant deposit of body proteins (12), have been
scarcely investigated in humans. Studies performed using
tracer amino acid(s) incorporation into mixed skeletal muscle
proteins through needle biopsy, have shown either a stimula-
tion (6, 13) or minor and insignificant changes (14) of muscle
fractional protein synthesis following a meal. Besides these
discrepancies, muscle protein degradation was not simulta-
neously measured in these studies, because of the intrinsic lim-
itations of the biopsy method there used. Thus, whether mus-
cle proteolysis is suppressed after a meal, in analogy to what is
observed at the whole body level, has never been investigated.

Muscle protein synthesis and degradation can be simulta-
neously determined in humans using the forearm and/or leg
catheterization technique, combined with isotope infusions
(15–20). Phenylalanine, an essential amino acid that is neither
catabolized nor produced de novo by forearm, i.e., muscle, tis-
sues (21, 22) has been widely used as a tracer. Leucine, another
essential amino acid, has been employed too, provided that ar-
teriovenous measurements of all its metabolic products are per-
formed, since leucine is also degraded by muscle tissues (23–27).

In this study, we report on the effects of mixed meal ingestion
on muscle protein synthesis and degradation in the human fore-
arm, measured simultaneously using both a phenylalanine and
an “intracellular” leucine tracer model (27). Furthermore, since
red blood cells may also contribute to organ amino acid ex-
change (28, 29), all kinetic rates were calculated from measure-
ments of substrate and isotope concentrations, as well as of
forearm flow, performed both in whole blood and in plasma.

 

Methods

 

Isotopes.

 

l

 

-[1-

 

14

 

C]leucine (sp act 

 

z

 

 55 mCi/mmol)

 

1

 

 (

 

14

 

C-leu) and so-
dium [C

 

14

 

]bicarbonate (sp act 

 

z

 

 50 mCi/mmol) were purchased from

 

Amersham (Amersham Corp., Buckinghamshire, UK). 

 

L

 

-[

 

15

 

N]leu-
cine (

 

.

 

 99% mol percent enrichment, MPE)

 

1

 

 (

 

15

 

N-leu) and 

 

L

 

-[ring-

 

2

 

H]phenylalanine (

 

.

 

 99% MPE) (D

 

5

 

-phe) were purchased from
Tracer Technologies (Somerville, MA). All isotopes were proven to
be sterile and pyrogen-free before use.

 

Experimental design.

 

Six male healthy volunteers (age: 22–26 yr,
body mass index: 22–25 kg/m

 

2

 

) were admitted into our metabolic unit
at 07:00 a.m. after the overnight fast. The protocol was explained in
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Abbreviations used in this paper: 

 

A-V, arterio-venous; GCMS, gas
chromatography mass spectrometry; HPLC, high performance liquid
chromatography; KIC, 

 

a

 

-ketoisocaproic acid; MPE, mole percent en-
richment; Ra, rate of appearance; Rd, rate of disappearance.
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detail to each subject, who signed a written consent to the study. In
the absence of an ethical committee, the study was approved by the
director of the department and it was performed under the recom-
mendations of the radiation safety officer. Whole body radiation ex-
posure resulting from the infusion of 

 

z

 

 100 

 

m

 

Ci of the 

 

14

 

C isotopes
was estimated to be 

 

z

 

 100 mrad (30).
Polyethylene catheters were placed percutaneously into the bra-

chial artery and, in a retrograde fashion, into an ipsilateral deep fore-
arm vein of the elbow, until the tip of catheter was no longer palpable
under the skin. This vein drained predominantly blood from muscle
tissue (31). An additional catheter was placed into an antecubital vein
of the opposite arm and used for isotope infusions. At 

 

2

 

240 min,
primed continuous infusions of 

 

14

 

C-leu, of 

 

15

 

N-leu, and of D

 

5

 

-phe
were started by means of a calibrated pump (Harvard Apparatus,
South Natick, MA). The rates of isotope infusion were 

 

z

 

 6,125 dpm/
kg 

 

?

 

 min for the 

 

14

 

C-leu, 

 

z

 

 0.14 

 

m

 

mol/kg 

 

?

 

 min for the 

 

15

 

N-leu, and 0.05

 

m

 

mol/kg 

 

?

 

 min for the D

 

5

 

-phe. Isotope priming doses were equivalent
to 

 

3

 

60 the corresponding continuous infusion rate per min. The bi-
carbonate pool was primed with 3 

 

m

 

Ci of [

 

14

 

C]bicarbonate. Venous
plasma samples were taken every 60 min for 3 h, i.e., until the 

 

2

 

60th
min (data not shown), to assess the achievement of steady state in iso-
tope and substrate concentrations. Steady state was defined as ab-
sence of a slope significantly different from 0, as well as of changes in
concentrations, specific activities and enrichments greater than 5%

(Fig. 1). Thereafter, between 

 

2

 

60 and 0 min, four samples of arterial
and deep-venous blood, as well as of expired 

 

14

 

CO

 

2

 

, were collected at
20-min intervals for baseline measurements. During sample collection,
blood flow to the hand was excluded with a pediatric sphygmomanom-
eter placed around the wrist and inflated above systolic pressure. Each
arterial sample was collected starting few seconds after completion of
the venous sample to avoid acute forearm hypoperfusion.

At 0 min, the administration of a liquid mixed meal of defined
composition (Nutrodrip Protein; Sandoz Nutrition, Wander Italia
S.P.A, Milano, Italy) was started. The entire meal (

 

z

 

 15 kcal/kg of
body wt) was divided into isocaloric aliquots given every 20 min over
4 h. Meal composition (in grams/100 ml) was the following: carbohy-
drates 14.8; protein hydrolysate 6.6; lipids 4. In addition, it contained
minerals and vitamins. The proteins were derived from soy and
casein. The lipids were constituted by 40% linoleic acid, by 6.5%
MCT oil, the remainder by mono- and diglycerides. Thus, 

 

z

 

 49% of
meal calories were represented by carbohydrates, 

 

z

 

 22% by proteins
and 

 

z

 

 29% by lipids. Expired air, and arterial and deep-venous blood
samples were again collected at 170, 190, 210, 230, and 250 min, i.e.,
10 min after administration of each meal aliquot. Steady state in all
measured parameters were attained at least by 170 min after start of
the meal (Fig. 1).

 

Analytical measurements.

 

10 ml of blood was collected from each
vessel into EDTA tubes and rapidly centrifuged at 

 

1

 

4

 

8

 

C. The plasma

Figure 1. Substrate and isotope 
concentrations in the basal (from 
min 260–0) and meal periods 
(from min 170–250). (Left panels) 
whole blood data. (Right panels) 
plasma data. Full symbols & con-

tinued lines: arterial values. 
Empty symbols & dotted lines: 
venous values. (A) unlabeled leu-
cine (circles), phenylalanine (trian-

gles) and a-ketoisocaproate 
(KIC) (squares) concentrations. 
(B) 14C-leucine (circles), [14C]bi-
carbonate (triangles) and 14C-KIC 
(squares) isotope concentrations. 
(C) 15N-leucine (circles) and 
D5-phenylalanine (triangles) iso-
tope concentrations.
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was then stored at 

 

2

 

20

 

8

 

C before assay. An additional 4 ml of blood
was collected into preweighed chilled tubes containing 2 ml of 20%
(vol/vol) perchloric acid (PCA) as well as known amounts of the in-
ternal standards ketoleucine and ketocaproic acid, for whole blood
analyses. The tubes were vigorously shaken and reweighed to deter-
mine accurately the amount of blood added. After centrifugation, the
supernatant was stored at 

 

2

 

20

 

8

 

C until assay.
Plasma leucine and KIC concentrations and specific activity (32),

as well as plasma phenylalanine concentrations (33) were determined
by HPLC as referenced. Whole blood concentrations and specific ac-
tivities were determined using the above-referenced HPLC methods,
after corrections for dilution of blood with the PCA. Plasma and
whole blood samples were processed in the same day and in the same
assay. Leucine and phenylalanine concentrations in red blood cells
were calculated from whole blood and plasma data, as well as from
the hematocrit value, according to Hagenfeldt et al. (34).

Molar ratios of 

 

15

 

N-leucine and of D

 

5

 

-phenylalanine in both
whole blood and plasma were determined by gas chromatography
mass spectrometry (GCMS), as 

 

tert

 

–butyl-dimethyl–sylil–derivatives
and electron impact ionization (35). Isotope ratios (i.e., tracer/ tracee
ratios) were converted into molar ratios using appropriate standard
curves. The enrichment was expressed as tracer/(tracer

 

1

 

 tracee) ra-
tio, therefore as MPE. Isotope concentrations were calculated by
multiplying either specific activity or MPE times unlabeled substrate
concentration.

Arterial and deep venous concentration of blood [

 

14

 

C]bicarbon-
ate was measured by adding 

 

z

 

 2 ml of whole blood, immediately after
collection, into preweighed glass vials containing 2 ml of 20% per-
chloric acid in the bottom, as well as indwelling inner plastic tubes
containing 0.5 ml of 0.5 M hyamine. The system was air tight. The vi-
als were reweighed after blood addition to measure accurately the
amount of blood added, gently stirred, and incubated for 2 h at 37

 

8

 

C
in a shaking bath, to develop the 

 

14

 

CO

 

2

 

 which was trapped into the
hyamine solution. The indwelling hyamine-containing vials were then
removed and accurately cleaned outside. After addition of 3.5 ml of a
scintillation cocktail (Ionic Fluor; Packard Instrument Co, Meriden,
CT) these vials were vigorously shaken, allowed to equilibrate in the
dark for 24 h, and counted. Recovery of [

 

14

 

C]bicarbonate added to
this system was 

 

.

 

 95%. No correction factor for forearm bicarbonate
fixation was employed, since such a “fixation” does not apparently
occur across a sampled limb, at least in dogs (36).

Plasma [

 

14

 

C]bicarbonate concentration was measured as de-
scribed for whole blood with the following modifications. Immedi-
ately after withdrawal, an additional 4 ml of blood was mixed with
100 

 

m

 

l of 6% EDTA. Then, 

 

z

 

 1 ml of vaseline oil was gently layered
on top to prevent gas exchange between blood and ambient air. The
tubes were centrifuged within 10 to 20 min from collection. 2 ml of
plasma was then aspirated and immediately added to the [

 

14

 

C]bicar-
bonate trapping system, as described above. Plasma flow was deter-
mined with a dye dilution method using Indocyanine Green (Vert
d’Indocyanine; SERB, Paris, France), as described in detail else-
where (17). Briefly, the dye was dissolved with 0.9% saline containing
5% albumin. This solution was infused directly into the arterial cathe-
ter by means of a calibrated pump. Blood flow to the hand was ex-
cluded with a pediatric sphygmomanometer placed around the wrist
and gently inflated above systolic pressure. After 

 

z

 

 5 min of dye infu-
sion, a deep venous sample was collected very slowly, in order to
avoid flow perturbation. Concentration of the dye in the infusate as
well as in the serum samples, after proper dilution, were determined
spectrophotometrically at 805 nm. At least two determinations for
each period (i.e., in the basal state and following the meal) were per-
formed, and the resulting values were averaged. Dye recirculation
was quantitated in samples taken from a vein of the opposite arm,
and found to be negligible (

 

,

 

 5%). Whole blood flow was calculated
by dividing plasma flow over [1-hematocrit]. Forearm mass (approxi-
mate forearm volume) was measured by anthropometry by consider-
ing the forearm (without the hand) as a truncated cone.

The 

 

14

 

CO

 

2

 

 in the expired air was determined as described previ-

ously (8, 9). Bicarbonate fixation factors of 0.76 in the fasting state,
and of 0.91 in the fed state, were employed (37). Insulin (38) and glu-
cagon (39) were determined by radioimmunoassay. Plasma glucose
was measured using a Glucose Analyzer 2 (Beckman Instruments
Inc, Fullerton, CA). Plasma arterial amino acid concentrations were
determined by ion exchange chromatography using an Amino Acid
Analyzer (Beckman Instruments).

 

Calculations.

 

The four steady state basal values (i.e., between

 

2

 

60 and 0 min), as well as those taken in the last 60 min of meal ad-
ministration (i.e., between 190 and 250 min) were averaged. Basal
and after meal amino acid kinetics were determined on these mean
data.

Forearm leucine and KIC kinetics, both in plasma and in whole
blood, were calculated using a six-compartment forearm leucine
model (27). Model assumptions and equations are reported in the
Appendix, and they have been discussed in detail (27). Briefly, one
feature of this model is the use of venous KIC specific activity to cal-
culate all intracellular leucine kinetic rates. Another is the use of two
different tracers of leucine simultaneously (

 

14

 

C and 

 

15

 

N-leucine), to
calculate leucine exchange between extracellular (either plasma or
whole blood) and intracellular spaces, as well as leucine-KIC inter-
conversions. Forearm phenylalanine kinetic was calculated by em-
ploying the classic A-V model of Gelfand and Barrett to both plasma
and whole blood data (15).

Forearm amino acid balance was expressed as the difference be-
tween amino acid incorporation into protein synthesis (i.e., rate of
disappearance, Rd, for phenylalanine, and F6 for leucine) and amino
acid release from protein degradation (i.e., rate of appearance, Ra,
for phenylalanine, and F5 for leucine).

Whole body leucine and phenylalanine Ra, in both plasma and
whole blood, were calculated using conventional formulas (40, 41).
The leucine data were expressed using both the primary and the re-
ciprocal pool model (40). Leucine oxidation was calculated by divid-
ing the rate of 

 

14

 

CO

 

2

 

 expiration (in dpm/kg 

 

?

 

 min) over either leucine
specific activity (primary pool model) or KIC specific activity (recip-
rocal pool model). The rate of leucine disposal into protein synthesis
was calculated by subtracting leucine oxidation from Ra (equal to Rd
at steady state). Data extrapolation from the forearm to estimated to-
tal skeletal muscle was performed by assuming that z 64% of fore-
arm volume is represented by muscle (42), and that total muscle rep-
resents z 40% of body weight (43). The rates extrapolated from
forearm to total muscle were compared to whole body leucine kinet-
ics calculated with the reciprocal pool model (40).

Statistical analysis. The statistical analysis was performed using
two tailed paired tests (either the Student’s t test, or the Wilcoxon
test) to compare two sets of data within the same group of subjects,
such as meal vs basal periods, arterial vs venous values, plasma vs
whole blood measurements, or selected kinetics rates (i.e., F7 vs F8,
F5 vs F6, Ra vs Rd, F2 vs F3). A P value less than 0.05 was considered
statistically significant. All data were expressed as mean6SEM.

Results

Glucose, hormone and amino acid concentrations, forearm 
flow, and glucose disposal

Glucose concentrations in arterial plasma increased slightly
but significantly with the meal (P , 0.001), from 8367 to
102611 mg/dl. Whole blood and plasma flow increased by
z 30% (P , 0.05) (Table I). Net forearm glucose disposal in-
creased by approximately sixfold (P , 0.001) from 8.962.4
mg/min ? 100 ml of forearm in the basal state, to 52.5614.4 mg/
min ? 100 ml during the meal. Arterial insulin increased (P ,
0.01) from 79614 to 5396101 pmol/liter, while glucagon (mea-
sured in four subjects) increased in two subjects while it de-
creased in the other two, resulting in no change (before meal:
88612 ng/liter; following the meal: 92618 ng/liter).
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Arterial plasma concentrations of most amino acids in-
creased to a variable extent as expected following a mixed
meal (Table II). Only taurine concentrations decreased. The
largest increments were observed for the branched chain
amino acids, as classically described (44).

Substrate and isotope concentrations of phenylalanine, leu-

cine, KIC, and of [14C]bicarbonate (Tables III and IV). Substrate
and isotope amino acid as well as KIC concentrations tended
to be lower in whole blood than in plasma, albeit with variable
statistical significance (Tables III and IV). These differences
were most marked for KIC concentration. In contrast, whole
blood specific activities and enrichments were not statistically
different from those measured in plasma (Tables III and IV).
In the fasting state, leucine and phenylalanine concentrations
in venous plasma, as well as phenylalanine concentration in
venous blood, were significantly greater than the correspond-
ing arterial values, indicating net amino acid release (Tables III
and IV). Deep-venous KIC concentrations were slightly but in-
significantly greater than in the artery, both in whole blood and
plasma (Table IV). The calculated leucine concentration in ar-
terial red blood cells (75615 mmol/liter) was not different from

that in venous cells (73614 mmol/liter); however, phenylala-
nine concentration in arterial blood cells (2368 mmol/liter) was
lower (P 5 0.032) than that in venous cells (3068 mmol/liter).

Specific activities and enrichments in the artery were
greater than in the vein, indicating isotope dilution by unla-
beled substrate(s) released by forearm tissues. In contrast, iso-
tope concentrations were greater in the artery than in the vein,
indicating simultaneous substrate uptake (Tables III–IV).

Labeled bicarbonate concentrations, both in whole blood
and in plasma, were 2–5% greater in vein than in artery, con-
sistently with a net production of 14CO2 from forearm leucine
oxidation (Table IV). Plasma [14C]bicarbonate concentrations
were significantly greater than in whole blood (Table IV) both
in arterial and in venous samples. The postabsorptive rate of
14CO2 whole body production, at steady state, was 16016169
dpm/kg ? min.

Following the meal, arterial phenylalanine and leucine con-
centrations increased (Tables III and IV), while arterial spe-
cific activities and enrichments decreased, indicating entry of
unlabeled amino acids into both plasma and whole blood ex-
tracellular pools. In contrast, KIC concentrations decreased,
this change being significant only in arterial plasma (Table
IV). The forearm switched to net amino acid uptake, as calcu-
lated from both whole blood and plasma data (Tables III and
IV). The calculated leucine concentration in arterial red blood
cells (112632 mmol/liter) became significantly greater (P ,

0.01) than that in venous cells (86630 mmol/liter), thus result-
ing in a positive A-V leucine balance (by 2664 mmol/liter).
This A-V difference was significantly greater (P 5 0.005) than
that observed in the postabsorptive state (262 mmol/liter).
Phenylalanine concentration in arterial red blood cells (20611
mmol/liter) tended to be greater than that in the vein (1669
mmol/liter), however this difference was not significant. Also
the net A-V difference of phenylalanine concentration in red
blood cell rose (P 5 0.063) from 2763 mmol/liter in the post-
absorptive state, to 465 mmol/liter following the meal.

The A-V differences of leucine and phenylalanine specific
activities and enrichments decreased following the meal, sug-
gesting a diminished release of unlabeled amino acids into the
vein from forearm tissues.

Concentrations of [14C]bicarbonate tended to increase,
both in whole blood and in plasma, although not significantly,
with the exception of the venous plasma values (Table IV).

Table I. Whole Blood and Plasma Forearm Flow (Expressed 
as ml/min · 100 ml of Forearm) in the Basal, Postabsorptive 
State and during the Meal

Basal Meal

Whole blood flow 40.863.3 53.965.9*

Plasma flow 23.961.8‡ 31.562.9‡

*P , 0.05 vs basal: ‡P , 0.01 vs whole blood.

Table II. Arterial Plasma Amino Acid Concentrations
(mmol/liter)

Basal Meal

Citrulline 2661 2961

Valine 211615 339636*

Methionine 1461 3062*

Isoleucine 5364 112614*

Tyrosine 4764 9168*

Ornithine 4763 7364*

Lysine 14467 260624*

Histidine 6064 8164*

Arginine 7363 110612

Taurine 4863 3962*

Aspartate 1663 2063*

Threonine 10769 14968*

Serine 10967 13365

Asparagine 2562 4562*

Glutamate 152627 152622

Glutamine 366639 405625

Proline 215634 367623*

Glycine 191616 18566

Alanine 240634 272623*

Leucine and phenylalanine concentrations are reported on Tables III

and IV. *P , 0.01 vs baseline.

Table III. Phenylalanine (Phe) Concentration (mmol/liter) 
(Conc), Phe Mol Percent Enrichment (MPE, 3 100), in 
Arterial (art) and in Forearm Venous (ven) Whole Blood and 
Plasma, during the Basal and the Meal Periods

Whole blood Plasma

Basal Meal Basal Meal

Concart 41.463.6 59.264.9‡ 53.265.2§ 84.869.0‡§

Concven 46.263.8** 54.764.1¶ 56.665.9i¶ 80.368.4‡**i

D5-MPEart 7.5760.641 4.9860.45‡ 7.8060.56 5.0360.33‡

D5-MPEven 6.1760.64** 4.6360.49‡¶ 6.2360.48** 4.7660.28**‡

D5-nmolart 3.2360.49 2.9860.43* 4.1560.42§ 4.1860.36§

D5-nmolven 2.8860.47** 2.5560.35** 3.6260.44**§ 3.6360.40**§

*P , 0.01; ‡P , 0.01 meal vs basal values; §P , 0.05; iP , 0.01 plasma vs

whole blood values; ¶P , 0.05; **P , 0.01 vein vs artery.
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Whole body 14CO2 production at steady state increased (P ,

0.001) by z 40% after the meal, to 2,2296172 dpm/kg ? min.

Forearm phenylalanine and leucine kinetics

Fasting state. Forearm phenylalanine Ra exceeded Rd when
measured both from whole blood and plasma samples (Table
V). Similarly, leucine release from forearm protein degrada-
tion (F5) exceeded its utilization for protein synthesis (F6)
both in plasma and in whole blood samples (Table VI). Leu-
cine deamination to KIC (F7) was greater than KIC reamina-
tion to leucine (F8), indicating net conversion of leucine into
KIC (Table VI). Leucine oxidation (F9) was significantly

greater than zero (P , 0.01). All these data indicate that the
forearm was in a negative amino acid, therefore protein bal-
ance, as shown also in Figs. 2 and 3.

The rate of leucine inflow (F2) into cell was greater than
outflow from cell (F3) (Table VI), although this difference was
significant (P 5 0.012) only in plasma data. The fraction of leu-
cine shunting from artery to vein without being metabolized
(F12) was z 65% of arterial leucine delivery. Forearm KIC
uptake (F10) was not different from release (F11) either from
whole blood or plasma data. Forearm amino acid kinetic rates
calculated in whole blood were generally greater than in
plasma (Tables V and VI). In particular, the rate of leucine in-

Table IV. Leucine (Leu) and a-Ketoisocaproic Acid (KIC) Concentration (mmol/liter) (Conc), 14C Leu and 14C-KIC Isotope 
Concentrations (dpm/ml) and 14C-specific Activity (SA) (dpm/nmol), [14C]Bicarbonate Concentration (dpm/ml) (14C-Bic), 
15N-Leu Mole Percent Enrichment (MPE, 3 100) and Concentration, (15N-nmol) in Arterial (art) and in Forearm Deep Venous 
(ven) Whole Blood and Plasma, in both the Basal and the Meal Periods

Whole blood Plasma

Basal Meal Basal Meal

Leucine

Concart 11466 170617‡ 13963¶ 208610‡¶

Concven 11666 149616‡‡‡ 14463**¶ 191610‡**¶

14C-SAart 3.0560.07 1.9260.04‡ 3.0960.19 2.0460.11‡

14C-SAven 2.5560.10‡‡ 1.8160.06‡** 2.5560.24‡‡ 1.8860.11‡‡‡

14C-DPMSart 344615 325633 431628i 426636¶

14C-DPMSven 293613‡‡ 272634** 368635‡‡i 364637‡‡i

15N-MPEart 5.4860.43 3.1260.24‡ 5.2160.38 3.2460.18‡

15N-MPEven 3.4460.33‡‡ 2.7060.25** 3.3560.36‡‡ 2.7160.19‡‡‡

15N-nmolart 6.2760.70 5.1360.39* 7.2760.56¶ 6.6560.21i

15N-nmolven 3.9560.36‡‡ 3.7360.30** 4.8260.52i‡‡ 5.1660.41‡‡i

KIC

Concart 26.162.5 21.461.9 40.463.3¶ 34.663.4‡¶

Concven 28.663.1 22.862.4** 41.763.6¶ 36.564.2¶

14C-SAart 2.4460.26 1.6660.12‡ 2.5560.21 1.7160.14‡

14C-SAven 2.2460.28‡‡ 1.5860.16‡ 2.3360.25 1.6960.17‡

14C-DPMSart 6266 3462‡ 10369¶ 5967¶

14C-DPMSven 6067 3563‡ 96611**¶ 6268¶

14C-bicarbonate
14C-Bicart 170617 208616 195623i 226626
14C-Bicven 178617‡‡ 220615*‡‡ 203625i** 238625

*P , 0.05; ‡P , 0.01 meal vs basal values; iP , 0.05; ¶P , 0.01 plasma vs whole blood values; **P , 0.05; ‡‡P , 0.01 vein vs artery.

Table V. Forearm Phenylalanine (Phe) Arterial (art) Delivery, Uptake (Rd), Release (Ra) and Net Balance, in the Basal, 
Postabsorptive State and following the Meal, Measured either in Plasma or in the Whole Blood

Whole blood Plasma

Basal Meal Basal Meal

Art Phe

Delivery 170.1629.1 326.9667.5§ 125.9618.4¶ 259.4630.6§

Phe Rd 15.362.8 45.7612.8* 18.564.4 24.263.7*

Phe Ra 33.162.5** 16.964.9‡** 25.462.6**¶ 19.863.2‡**

Net Balance 217.861.4 128.7613.7‡ 28.463.2 14.461.4¶§

*P , 0.01; ‡P , 0.03; §P , 0.01 meal vs basal values; ¶P , 0.025 plasma vs whole-blood values; **P , 0.05 or less vs Rd; all data are expressed as

nmol/min · 100 ml of forearm.
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flow (F2) into cell, outflow from cell (F3), leucine deamination
to KIC (F7), KIC reamination into leucine (F8), as well as net
leucine deamination (i.e., F7 minus F8) (22.464.9 in blood vs
9.862.0 nmol/min ? 100 ml of forearm in plasma, P 5 0.05)
were significantly faster when determined in whole blood than
in plasma (Table VI). Blood forearm leucine oxidation tended
also to be greater (P , 0.07) than when determined from
plasma samples (Table VI). However, in the fasting state the
net kinetic balance of these two essential amino acids, calcu-
lated as difference between amino acid utilization for protein
synthesis minus release from protein degradation (see Meth-
ods), was not statistically different whether calculated in whole

blood or in plasma (Tables V and VI). Interestingly, net fore-
arm balance of phenylalanine was z 50–70% lower than that
of leucine, in good agreement with the relative abundance of
these two essential amino acids in average tissue proteins (12).

Postprandial state. After the meal, the rate of arterial de-
livery of both phenylalanine and leucine to forearm (i.e., the
product of arterial concentrations times flow) nearly doubled
(Tables V and VI).

Forearm phenylalanine Rd increased by approximately
threefold in whole blood (P 5 0.046), and by z 40% in plasma
(P 5 0.038) (Fig. 2 and Table V). Forearm phenylalanine Ra
decreased by z 50% in whole blood (P 5 0.03) and by z 20%

Figure 2. Changes vs baseline (expressed as nmol/min 3 100 ml of 
forearm [FA]) of phenylalanine (Phe) release from protein degrada-
tion (Ra), disposal into protein synthesis (Rd) and net balance (NB) 
[Rd-Ra] following the meal. (Left panels) whole blood data. (Right 

panels) plasma data. Level of significant changes baseline: *P , 0.05; 
**P , 0.03; ***P , 0.01.

Figure 3. Changes vs baseline (expressed as nmol/min 100 ml of fore-
arm [FA]) of leucine (Leu) release from protein degradation (F5), 
disposal into protein synthesis (F6) and net balance (NB) (F6-F5) fol-
lowing the meal. (Left panels) Whole blood data. (Right panels) 
Plasma data. Level of significant changes baseline: *P , 0.05; **P , 
0.03; ***P , 0.002.

Table VI. Forearm Leucine (Leu) and KIC Kinetics (nmol/min · 100 ml of Forearm), Estimated with the Six Compartment A-V 
Model, in the Basal, Postabsorptive State and following the Meal, as Measured either in Plasma or in the Whole Blood.
(Art: Arterial)

Whole Blood Plasma

Basal Meal Basal Meal

Art Leu delivery (F1) 463674 9076179§ 325635‡‡ 637678§¶

Leu inflow from Art to Cell (F2) 174642 221654* 111621‡‡ 144632‡‡

Leu outflow from Cell to Vein (F3) 179641 111633§ 123622‡‡ 92621**

Leu release into Vein (F4) 468673 7966158§ 337637‡‡ 585673**§

Leu release from Protein into Cell (F5) 128632 85628* 90619 62617*

Leu uptake from Cell into Protein (F6) 100630§§ 150630§§§ 68619§§ 86617‡¶§

Leu conversion to KIC (F7) 150642 128643 82615‡‡ 81621¶ii

KIC conversion to Leu (F8) 128639ii 83642§ii 72614‡‡ii 53621‡‡ii

Leu Oxidation (F9) 1363 3869* 761i 2366*i

Art KIC delivery (F10) 105617 114621 94612 110621

KIC release into Vein (F11) 1146119 121622 97612 115621

Leu released from Art to Vein

without being metabolized (F12) 289638 6866139§ 214626‡‡ 493670§i

Net Balance (F6–F5) 22865 165629‡ 22262 124614‡i

*P , 0.05; ‡P , 0.025; §P , 0.01 meal vs basal values; iP , 0.07; ¶P , 0.05; **P , 0.025; ‡‡P , 0.01 plasma vs whole blood values; §§P , 0.05 or less vs

F5; iiP , 0.05 or less vs F7.
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in plasma (P 5 0.028) (Fig. 2 and Table V). Net phenylalanine
balance became positive, increasing by 146.6614 nmol/min ?
100 ml of forearm in the whole blood (P 5 0.029 vs basal), and
by 111.462.9 nmol/min ? 100 ml of forearm in plasma (P 5
0.011 vs basal) (Fig. 2, Table V). However, the relative incre-
ments vs baseline of both phenylalanine Rd and net balance in
whole blood were significantly greater than those measured in
plasma (Fig. 2). Leucine incorporation into protein synthesis
(F6) increased by z 50% in whole blood (P 5 0.0013) and by
z 26% in plasma (P 5 0.027) (Fig. 3 and Table VI). Leucine
release from protein breakdown (F5) decreased by z 30% in
either whole blood (P , 0.05) or plasma (P , 0.05) (Fig. 3 and
Table VI). Net leucine balance became positive too, increasing
by 193.5629.4 nmol/min ? 100 ml of forearm in whole blood
(P 5 0.024 vs basal) and by 145.8615.2 nmol/min ? 100 ml of
forearm in plasma (P 5 0.029 vs basal) (Fig. 3, Table VI).
However, the relative increments vs baseline of both leucine
incorporation into protein synthesis (F6) and net balance mea-
sured in whole blood were significantly greater than those
measured in plasma (Fig. 3).

Leucine oxidation (F9) increased by approximately three-
fold (P , 0.05) in both whole blood and plasma (Table VI).
Oxidation rates tended to be greater in blood than in plasma
(P 5 0.06)(Table VI). Leucine deamination to KIC (F7) and
KIC reamination to leucine (F8) tended to decrease vs base-
line, although this change was significant only for F8 measured
in whole blood (Table VI). Net leucine deamination (i.e., F7
minus F8) increased in both whole blood (122.468.4 nmol/
min ? 100 ml of forearm) and in plasma (118.165.7) (P , 0.05
or less vs baseline). In absolute terms, F7 (Table VI) as well as
net leucine deamination (44.869.2 vs 27.865.0 nmol/min ? 100
ml) remained significantly greater in whole blood than in
plasma (P 5 0.05 or less).

The rate of leucine inflow into cell (F2) increased by
z 30% with the meal, although this change was significant
only in whole blood (Table VI, Fig. 4). Leucine outflow from
cell (F3) decreased (P , 0.05 or less) by z 25-40% in both
whole blood and plasma. The net difference between leucine
inflow and outflow (i.e., F2 minus F3), which indicates net leu-

cine retention within cell, increased markedly with the meal
(Fig. 4) (P , 0.05, P , 0.006). The net intracellular leucine re-
tention was significantly greater when measured in blood than
in plasma (Fig. 4).

Both KIC uptake (F10) and release (F11) tended to in-
crease after the meal, although not significantly, and were not
different from each other (Table VI).

Whole body amino acid kinetics (Table VII)

After the meal, phenylalanine Ra increased by z 60% (P ,
0.01). Leucine Ra, calculated either with the primary or the re-
ciprocal pool, increased by z 50% (P , 0.01). Leucine oxida-
tion increased by z 100% (P , 0.001). Leucine nonoxidative
disposal, reflecting its utilization into whole body protein syn-
thesis, increased by z 30% (P , 0.01). Leucine nitrogen flux
increased by z 90% (P , 0.01).

Discussion

In this study we have investigated the mechanisms of post-
prandial amino acid (i.e., protein) accretion in human skeletal
muscle. To this aim, we employed the forearm A-V catheter-
ization approach in combination with the infusion of isotopes
of two essential amino acids, leucine and phenylalanine, as
well as with extensive measurements of all the leucine meta-
bolic products. We show for the first time that, during mixed
meal ingestion, forearm (i.e., muscle) proteolysis was mark-
edly inhibited while forearm protein synthesis was stimulated.
Therefore, both mechanisms contributed to net forearm amino
acid (and protein) accretion after a meal.

We have studied also the role of red blood cells and/or of

Figure 4. Changes vs baseline (expressed as nmol/min 100 ml of fore-
arm [FA]) of leucine inflow into cell (F2), outflow from cell (F3), and 
net leucine retention by cell (F2-F3) following the meal. (Left panels) 
Whole blood data. (Right panels) Plasma data. Level of significant 
changes vs baseline: *P , 0.05; ***P , 0.01.

Table VII. Whole Body Leucine and Phenylalanine Kinetics 
(expressed in mmol/kg · min)

Whole Blood Plasma

Basal Meal Basal Meal

Leu Rapp 1.90 3.01* 1.94 3.01*

60.08 60.14 60.05 60.14

LeuOxpp 0.50 1.09* 0.51 1.10*

60.04 60.06 60.04 60.06

Leu→PSpp 1.41 1.92* 1.43 1.91*

60.10 60.14 60.08 60.14

Leu Rarp 2.38 3.63* 2.38 3.63*

60.12 60.18 60.12 60.18

Leu Oxrp 0.62 1.31* 0.62 1.33*

60.06 60.06 60.06 60.07

Leu→PSrp 1.75 2.32* 1.75 2.31*

60.12 60.18 60.12 60.17

Leu-N Ra 2.72 5.16* 2.65 4.18*

60.20 60.77 60.22 60.47

Phenylalanine Ra 0.62 0.98* 0.60 0.96*

60.05 60.08 60.05 60.07

*P , 0.01 vs basal. The leucine data have been calculated both with the

primary (pp) and the reciprocal (rp) model (40). Ra: Rate of Appear-

ance; Ox: Oxidation; Leu→PS: Leucine utilization for protein synthesis;

Leu-N: Leucine-Nitrogen Ra (calculated with the 15N-isotope).
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blood flow in the regulation of forearm protein turnover. Fore-
arm protein synthesis was significantly more stimulated when
whole blood rather than plasma measurements were employed
(Figs. 2 and 3), whereas postprandial forearm proteolysis was
suppressed almost to the same extent using either data. Conse-
quently, the increment in postprandial net amino acid (i.e.,
protein) accretion, which results from the difference between
protein synthesis and degradation, was approximately twofold
greater (leucine data) and approximately fourfold greater
(phenylalanine data) when whole blood rather than plasma
measurements were employed. Therefore, another finding of
our study is that red blood cells (and/or blood volume) are an
important determinant of postprandial protein deposition in
human muscle. Indeed, nearly all other leucine kinetic data were
significantly faster in whole blood than in plasma (Table VI).

Previous studies performed using the arteriovenous cathe-
terization technique had shown that amino acid balance across
the human leg becomes positive after ingestion of a protein
meal (44), suggesting net protein accretion. However, the un-
derlying mechanisms could not be elucidated, because no iso-
tope-dilution method was there employed. By using arterial-
ized venous and deep venous plasma sampling, forearm
protein degradation was unchanged whereas synthesis was
stimulated in fed vs fasted normal volunteers (25, 45). More re-
cently, muscle fractional protein synthesis was stimulated by
the meal in one controlled study (6) but it was unchanged in
another (14); muscle protein degradation was not determined.
Our forearm catheterization data agree with one of these stud-
ies (6) as regards meal-induced acute stimulation of forearm
protein synthesis. They agree also with previous findings ob-
tained at the whole body level, as regards the simultaneous in-
hibition of endogenous proteolysis and the stimulation of pro-
tein synthesis after a mixed meal (3–11).

As concerns the possible physiological mechanisms, the
postprandial inhibition of forearm protein degradation might
have been mediated by hyperinsulinemia, by hyperaminoaci-
demia, or by other factors. Insulin was shown to inhibit either
forearm or leg proteolysis in some studies (15, 16, 18) but not
in others (17, 19, 46). These discrepancies could arise because
the insulin inhibitory effect might become evident, provided
that arterial amino acid concentrations are not concurrently
decreased (15, 16, 18), as it occurs after a mixed meal. The mo-
lecular mechanism(s) for the insulin effect are however still
unclear, since insulin was shown to suppress mainly lysosomal
proteolysis, which, in turn, is not the predominant pathway of
protein degradation in muscle (47, 48). Hyperaminoacidemia
was shown to inhibit muscle protein degradation in muscle,
both in vitro (47, 48) and in vivo in man (26), although a recent
study in pigs did not confirm this finding (49). The possible
mechanisms for amino acid-induced suppression of proteolysis
are discussed in detail (48). They may involve inhibition either
of macroautophagy of nonmyofibrillar proteins, or of break-
down of nonlysosomal myofibrillar proteins. The branched chain
amino acid leucine may be important in the suppression of
muscle proteolysis, either directly or through its transamina-
tion product, a-ketoisocaproate [KIC] (48). Leucine (and
other branched-chain amino acid) concentrations exhibited
the largest increments after the meal (Table II). Interestingly,
however, KIC concentrations did not increase (Table IV), con-
sistently with other reports (3, 4, 8, 9, 11). On the whole, it is
likely that both insulin and amino acids cooperated in the meal-
induced inhibition of forearm muscle proteolysis observed in

our study. As regards a possible role of the (modest) postpran-
dial hyperglycemia, no inhibitory effect by glucose on proteol-
ysis could be demonstrated in controlled studies (50, 51).

The potential mechanism(s) for meal-induced stimulation
of muscle protein synthesis could also involve hyperinsuline-
mia, hyperaminoacidemia, or other hormonal, metabolic, and
hemodynamic factors. Although the majority of published
studies failed to show a clear-cut effect of insulin to stimulate
either whole body or muscle protein synthesis (15–19, 52–54),
other reports showed instead a stimulation (46, 55). In con-
trast, insulin clearly enhanced muscle protein synthesis in vitro
(47). The molecular basis for this insulin-stimulatory effect
may involve hormone-induced changes in tissue RNA concen-
trations, as well as in polysome levels and/or ribosome sub-
units (47). Hyperaminoacidemia in turn directly stimulated
muscle protein synthesis both in vitro (47) and in vivo (26),
even in the absence of hyperinsulinemia (49). The mechanisms
for the latter effect are still obscure, since the amino acyl-trans-
fer RNAs appear to be already maximally charged at the fast-
ing amino acids levels (56). Therefore, any of the other steps
controlling protein synthesis might theoretically be involved
(47). The maintenance of adequate intracellular amino acid
concentrations might also be required to elicit a stimulatory ef-
fect by insulin on muscle protein synthesis (55). Taken to-
gether, these data suggest that meal stimulation of forearm
protein synthesis was largely mediated by the physiologic,
postprandial hyperaminoacidemia, being possibly enhanced by
hyperinsulinemia.

Forearm glucose utilization was markedly increased after
the meal, as expected (see Results). It cannot be excluded that
increased glucose metabolism by forearm tissues, mainly by
muscle, might have provided energy to sustain protein synthesis.

Other hormonal factors, such as IGF-1 or growth hormone,
might also have been involved in the stimulation of protein syn-
thesis. Both these growth factors have been shown to enhance
whole body as well as forearm protein synthesis (4, 57–59).
Furthermore, IGF-1 augmented the amino acid-induced stim-
ulation of protein synthesis in the human forearm (59). Unfor-
tunately, these hormones could not be measured in this study.
On the other hand, meal ingestion should result in minor acute
changes in either growth hormone or IGF-1 concentrations (60).

Another potentially important regulatory factor may be a
hemodynamic one. Forearm blood flow was stimulated by
z 30% during the meal (Table I). Increased amino acid delivery
to the forearm, due also to stimulation of perfusion, might have
been responsible for the observed increase of protein synthesis.
It has been recently suggested that the enhancement of muscle
protein synthesis in the recovery phase after exercise might be
mediated by increased blood flow (61). Although potentially
important, in our study the increase of forearm blood flow
(130%) was smaller than the observed increased of protein syn-
thesis (150%), thus explaining only partially the latter effect.

No stimulation of leg blood flow was previously detected
after ingestion of a protein meal (44), at variance with the
present report. This discrepancy could theoretically be due to
differences in composition of the meal (a mixed one in the
present study, a protein-meal in the cited one), to the way of
meal administration (a continuous vs a bolus pattern), to a
possibly different response of the leg vs the forearm, or to
other undetermined factors.

We have employed an established A-V model to interpret
forearm phenylalanine kinetics (15, 21). In addition, we have
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used a novel compartmental leucine model (27), which allows
to estimate more extensively intracellular forearm leucine ki-
netics, as well as leucine movement between the extracellular
and the intracellular space(s). One assumption of this model is
that venous KIC SA, used to calculate all the intracellular leu-
cine kinetic rates, is a reflection of intramuscular leucine spe-
cific activity (27). A direct assay of intracellular leucine SA/
MPE by biopsy would be definitively preferable. Nevertheless,
the choice of the less-invasive venous KIC SA assumption is
supported by many recent studies, in which venous KIC en-
richment (or specific activity) was found to depart only mar-
ginally (by z 5–15%) from either free intracellular leucine or
leucyl t-RNA enrichments (49, 62–65). Such a difference might
be even less marked following meal-induced hyperaminoaci-
demia, because of a sort of “flooding effect” induced by the in-
gested amino acids.

The difference between leucine inflow (F2) minus outflow
(F3) (Table VI) into/out of cell, which indicates net intracellu-
lar leucine retention, became markedly positive after the meal
(Fig. 4). Thus, net leucine retention resulted from both a re-
duction of leucine outflow and a stimulation of leucine inflow
out/into cell (Fig. 4, Table VI). Taken together, these observa-
tions suggest that increased protein synthesis in skeletal mus-
cle might have been mediated also by retention within cell of
this essential amino acid (through inhibition of endogenous
protein breakdown and/or suppression of outflow from cell),
in addition to the increased amino acid inflow from the extra-
cellular to intracellular spaces.

The bidirectional transmembrane leucine exchange was
calculated from the net extraction of the 15N-leucine isotope
relative to that of [14C]leucine (27) (see also the Appendix).
The former isotope was assumed not to recycle back as venous
15N-leucine, at variance with the latter. However, some 15N-
ammonia, generated intracellularly through 15N-leucine deam-
ination, might theoretically have been reaminated with KIC
and released as 15N-leucine into the vein. Such a recycling
might be even higher when the mono-labeled 15N-leucine (like
that employed in this study) is used, rather than the di-labeled
L-[1-13C, 15N]leucine used by others (25, 45, 66). Nevertheless,
KIC conversion into leucine was actually decreased following
the meal (Table VI), suggesting a decrease also of 15N-recy-
cling. In addition, although leucine inflow (F2) and outflow
(F3) might be underestimated by isotope recycling, as dis-
cussed in detail (27), the net difference between [F2–F3] would
not be at all affected. The above considerations apply also to
leucine and KIC interconversion rates (F7 and F8), as well as
to the net difference between [F7–F8] (27). Most importantly,
it must be pointed out that the key model parameters, i.e., F5
(leucine release from proteolysis), F6 (leucine incorporation
into protein synthesis), and leucine oxidation (F9), are totally
unaffected by any 15N-isotope recycling (27).

At variance with leucine, no intracellular model of regional
phenylalanine kinetics is at present available, with the excep-
tion of that employing the arteriovenous catheterization com-
bined with leg muscle biopsy (46). In that study, intracellular
free phenylalanine enrichment in muscle was found to be
z 80% that of the vein, and z 60% that of the artery (46). The
enrichment of phenylalanine t-RNA in swine skeletal muscle
was z 70% that of the vein, and z 64% that of artery (63). It is
possible that use of more refined forearm phenylalanine mod-
els would give different estimate(s) of protein degradation and
synthesis, both under fasting and fed conditions, although the

relative changes occurring after a meal cannot be presently
predicted.

As the relative abundance of leucine in skeletal muscle
proteins is about 2.5 times that of phenylalanine (12), the leu-
cine kinetic data should be proportionally higher than those of
phenylalanine. In this study, despite the structural differences
between the two amino acid models (as discussed above), the
good qualitative as well as quantitative agreement between the
phenylalanine (Table V) and the leucine data (Table VI) as re-
gards forearm protein degradation and synthesis, strongly sup-
ports the validity of the study both in the fasted and the fed
state.

We have extensively compared whole blood and plasma-
derived measurements of forearm leucine and phenylalanine
kinetics, since also red blood cells might take part in amino
acid exchange between blood and tissue(s) (28, 29, 34, 67). In
general, whole blood derived rates were faster than those mea-
sured in plasma (Tables V and VI), most likely because fore-
arm whole blood flow was z 40% higher than plasma flow.
However, a specific role of red blood cells on forearm amino
acid uptake cannot be excluded. In fact, suppression of fore-
arm protein breakdown was of the same magnitude, whereas
the postprandial stimulation of protein synthesis was approx-
imately three- to fivefold greater when determined from blood
than from plasma measurements (Tables V and VI; Figs. 2 and
3). Consequently, the net forearm kinetic balance of both
amino acids was of similar magnitude from either plasma or
whole blood data in the postabsorptive state, but clearly differ-
ent following the meal.

In order to investigate further this issue, we have compared
whole blood vs plasma fractional extraction (a measurement
independent from flow) of labeled as well as unlabeled leucine
and phenylalanine (data not shown). We did not observe sig-
nificant differences between blood and plasma data. We have
also estimated leucine and phenylalanine forearm exchange
through erythrocytes, using the calculated A-V differences of
amino acid concentrations in blood cells, which are accounted
for by . 99% by the erythrocytes (34). Meal ingestion resulted
in a net forearm uptake of leucine and, to a lesser and insignif-
icant extent, also of phenylalanine, via blood cells (see Re-
sults). In kinetic terms, during the meal the forearm took up
z 60 mmol of leucine (3 100 ml of forearm volume21 3 min21)
through cells. This figure accounted for z 52% of total leucine
uptake calculated from whole blood data (i.e., expressed by
the difference between F4 and F1 in Table VI). Conversely,
phenylalanine uptake through the cells was z 16 mmol (3 100
ml of forearm volume21 3 min21), which was z 34% of total
uptake from whole blood data (Table V). These figures do not
depart much from the fraction of forearm whole blood flow
contributed by the erythrocytes (z 41%). Thus, it appears that
red blood cells actively participate in the leucine and phenyl-
alanine movements from the arterial blood to the forearm in-
tracellular space, in agreement with previous findings (67).
However, whether this is simply due to the greater mass of
blood delivered to the forearm because of erythrocyte volume,
or to a specific effect of blood cells themselves, cannot be es-
tablished from our data. To this purpose, it would be interest-
ing to compare forearm protein synthesis at comparable rates
of blood flow but at different values of hematocrit.

In theory, forearm data may not strictly reflect only skele-
tal muscle metabolism, but also that of forearm skin (68, 69)
and bone. However, the contributions by these latter tissues to
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forearm amino acid (and protein) kinetics are considered to be
small, because about two-thirds of muscle mass are constituted
by muscle (43), bone metabolism is likely to be slow, and skin
may contribute no more than by 10% to limb protein turnover,
at least in postabsorptive dogs (69).

We fed our volunteers a mixed liquid meal of defined and
elementary composition, in order to avoid possible differences
in absorption of more complex nutrients. Furthermore, we
have chosen the continuous administration approach as others
did (3–6, 9, 11), in order to be able to perform all kinetic mea-
surements at steady state. This pattern of meal administration
is nevertheless employed in clinical nutrition. Although such a
choice might be considered slightly unphysiological, it allowed
to avoid uncertainties due to time-dependent changes in
amino acid pool sizes and in other model parameters, which
would follow a bolus meal. However, the systemic changes in
amino acid and hormone concentrations, here observed, are
those otherwise expected following a common mixed meal in-
gested as a bolus (8). Definitely, it would be interesting to
compare the present findings with those occurring after a bolus
mixed meal.

Postprandial forearm leucine utilization for protein synthe-
sis increased by z 50 nmol (per 100 ml of forearm21 per min21)
(whole blood data). As leucine relative abundance in muscle
proteins is z 8%, such an increase would correspond to z 80
mg of new protein synthesized per min per 100 ml of forearm,
or to z 5 mg per h. Assuming that muscle represents z 64% of
forearm volume (43), and that total skeletal muscle is z 40%
of body weight (42), such an increment would imply synthesis
of z 2.2 g of skeletal muscle proteins per h. The relative in-
crease of whole body nonoxidative leucine disposal (Table
VII) was z 0.57 mmol/kg ? min, i.e., z 4 g of protein per hour.
Thus, muscle would contribute by z 50% to the observed
postprandial increase of whole body protein synthesis.

In conclusion, our study shows that mixed meal ingestion in
man enhances net forearm protein anabolism through both
suppression of endogenous protein breakdown and stimula-
tion of protein synthesis. Furthermore, it underlines an impor-
tant role of blood flow (due to blood cells and/or to blood
mass) in the regulation of postprandial forearm protein syn-
thesis.

Appendix

Six-compartment model

Model assumptions and definitions. To describe leucine and
KIC kinetics across the forearm the following models have
been developed: (a) a 14C-leucine, 14C-KIC “tracer” model; (b)
a 15N-leucine “tracer” model; and (c) a leucine and KIC “tra-
cee” model. In Fig. 4, only the tracee model is reported. The
14C-leucine, 14C-KIC “tracer” model is the same as the tracee
model, with the exception that no entry of labeled 14C-leucine
into the intracellular leucine pool is assumed, and that the
units are in dpm/min ? 100 ml of forearm (27). The 15N-leucine
tracer model is a three-compartment model with the following
characteristics: no KIC compartment is present; reamination
of KIC to leucine is considered to be negligible (z to zero);
exit from the intracellular leucine compartment corresponds
the combined loss of tracer to protein synthesis and deamina-
tion to KIC; and no reentry of labeled 15N-leucine into the in-
tracellular leucine pool is assumed. Both tracer models are re-

quired to solve the equations of the tracee model, which
describes the physiologically relevant leucine and KIC param-
eters. The tracee leucine model is made of six compartments,
three of leucine and three of KIC (Fig. 5). Units are in nmol/
min ? 100 ml of forearm. For each substrate, one compartment
is in the artery, one intracellular and one in the vein. The nota-
tions F1 and F4 indicate leucine tracee flux in the artery and in
the vein, respectively. F2, F3 and F12 indicate leucine move-
ments from artery to cell, from cell to vein and from artery di-
rectly to vein, respectively. F5 indicates release of leucine from
protein into cell, i.e., it is an estimate of intracellular proteoly-
sis. No tracer recycled from proteolysis is assumed to occur
during the experiment. F6 indicates intracellular leucine incor-
poration into protein. F7 and F8 indicate leucine conversion to
KIC as well as KIC to leucine, respectively. F9 indicates the ir-
reversible loss of leucine into oxidation. Finally, F10 and F11
indicate KIC flux in the artery and in the vein, respectively.
The principal assumptions of the model are the following: (a)
The 14C-KIC SA measured in the venous blood is taken as rep-
resentative of intracellular 14C-leucine as well as 14C-KIC SA.
This assumption is based on recent human and animal data
(49, 62–65). (b) The fraction of the 15N-leucine tracer irrevers-
ibly disposed from plasma into the cell, calculated from the ar-
terial-venous difference of 15N-leucine isotope concentrations,
is assumed to represent the “net metabolic leucine utilization.”
This figure is used to calculate leucine inward and outward
movements across the cell membrane. These movements may
underestimate leucine transport across the cell membrane, to
the extent that 15N-leucine tracer is either recycled back to the
venous compartment without being metabolized, or it is de-
rived, more unlikely, from KIC reamination. Therefore, we
prefer to use the terms inflow and outflow instead that leucine
inward and outward transport. Conversely, the fraction of 15N-
leucine tracer not taken up by the forearm is assumed to by-
pass intracellular metabolism and to be released directly into
the vein. This figure will be applied to calculate the fraction of
unlabeled leucine which escapes intracellular metabolism. (c)
A single, well mixed intracellular leucine pool is also assumed,

Figure 5. (Appendix). Tracee model of unlabeled leucine and KIC. 
The dotted arrows indicate rates that cannot be determined with the 
model here described. F5 corresponds to leucine coming from protein 
degradation, F6 to leucine disposal into protein synthesis.
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from and into which all entries and exits take place. The same
assumptions are made as regards a homogeneous intracellular
KIC pool. (d) No interstitial compartment is thus considered.
The 14C-leucine, the 14C-KIC and the 15N-leucine isotopes are
assumed to enter their corresponding intracellular compart-
ments at the arterial values; conversely, they are assumed to be
released from their intracellular compartments at the mea-
sured deep venous values. (e) No release of tracer(s) recycled
from protein breakdown into the intracellular leucine com-
partment is assumed to take place within the duration of the
study. (f ) There is no independent production of KIC inside
the cell except that deriving from leucine and from blood. (g)
Finally, we assume that the metabolic behavior of the 14C-
tracer(s) are the same as that of unlabeled material.

In the following equations, Leu (nmol/ml), 14C-Leu (dpm/
ml) and 15N-Leu (nmol/ml) denote unlabeled, 14C and 15N iso-
tope leucine concentrations, respectively. The corresponding
abbreviations are used for KIC. SA denotes specific activity
(dpm/nmol); B indicates plasma flow (ml/min ? 100 ml of fore-
arm). [x] corresponds to the ratio: [15N-Leuven]/[

15N-Leuart], i.e.,
it is the fraction of arterial 15N-leucine delivery to forearm that
is not metabolized. [y] corresponds to the ratio: [14C-Leuven]/
[14C-Leuart], i.e., the fraction of arterial 14C-leucine delivery
that is not metabolized plus re-entry of tracer through 14C-KIC
reamination. [V-A]14CO2 indicates the difference: [deep venous-
arterial] 14C-bicarbonate concentration (dpm/ml). The nota-
tion [f] denotes transport rates of the 14C-tracers (in dpm/min ?
100 ml of forearm).

At steady state, the sum of entries into each compartment,
(or sum of compartments considered together), must be equal
to the sum of exits from the compartments13 (or sum of com-
partments, respectively). This is true for both the unlabeled
and the labeled moieties (see below). Therefore, mass-balance
equations can be used.

Given these assumptions and definitions, all the F and f
transport rates can be solved using the following equations.

14C-Tracer model:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

Tracee model:

(12)

(13)

f1 C Leuart B⋅–
14

=

f2 f1 1 x–( )⋅=

f3 f2 f4 f1–+=

f4 C
14

Leuven B⋅–=

f6 f2 f8 f7 f3––+=

f7 f8 f9 f11 f10–+ +=

f8 f4 z x–( )⋅=

f9 V A–[ ] CO
14

2( ) B⋅=

f10 C KICart B⋅–
14

=

f11 C KICven B⋅–
14

=

f12 f1 f2–=

F1 Leuart B⋅=

F2 f2 LeuartSA⁄=

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

Leucine net balance (NB) is then calculated as:

(24)
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