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Abstract

 

We have investigated the response of amino acid transport
and protein synthesis in healthy elderly individuals (age
71

 

6

 

2 yr) to the stimulatory effect of increased amino acid
availability. Muscle protein synthesis and breakdown, and
amino acid transport were measured in the postabsorptive
state and during the intravenous infusion of an amino acid
mixture. Muscle-free amino acid kinetics were calculated by
means of a three compartment model using data obtained
by femoral arterio–venous catheterization and muscle biop-
sies from the vastus lateralis during the infusion of stable
isotope tracers of amino acids. In addition, muscle protein
fractional synthetic rate (FSR) was measured. Peripheral
amino acid infusion significantly increased amino acid de-
livery to the leg, amino acid transport, and muscle protein
synthesis when measured either with the three compart-
ment model (

 

P

 

 

 

,

 

 0.05) or with the traditional precursor-
product approach (FSR increased from 0.0474

 

6

 

0.0054 to
0.0940

 

6

 

0.0143%/h, 

 

P

 

 

 

,

 

 0.05). Because protein breakdown
did not change during amino acid infusion, a positive net
balance of amino acids across the muscle was achieved. We
conclude that, although muscle mass is decreased in the eld-
erly, muscle protein anabolism can nonetheless be stimu-
lated by increased amino acid availability. We thus hypoth-
esize that muscle mass could be better maintained with an
increased intake of protein or amino acids. (
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Introduction

 

Total skeletal muscle mass declines with aging, and this muscle
atrophy is accompanied by a reduction in muscle strength (1).
The age-related changes in muscle mass and function lead to a
reduction in performance, increased risk for falls, and in-
creased vulnerability to injury, especially bone fracture. Fur-
thermore, decrease in muscle function can lead to reduced
physical activity, which may have possible metabolic effects in-
cluding decreased bone density, obesity, and impaired glucose
tolerance (1, 2).

The age-dependent reduction in muscle mass could be as-
sociated with an impairment in muscle protein metabolism, as

previous studies reported that muscle protein synthesis is
slower in healthy elderly subjects than in young people (3–6).
A recent study has ruled out the hypothesis that myofibrillar
protein synthesis is impaired in elderly humans because of a
reduction in the availability of specific mRNAs encoding actin
and myosin (7). This suggests that the cause for the reduced
muscle protein synthesis observed in the elderly is more likely
to be attributed to alterations in posttranscriptional events.
The most important factor in the translation of mRNA is likely
to be the availability of amino acids.

Studies in animals (8) and in humans (9–11) have shown
that amino acid availability is an essential factor in the regula-
tion of muscle protein metabolism. A recent study performed
in our laboratory showed that, in young subjects, hyperami-
noacidemia stimulates net muscle protein synthesis by increas-
ing amino acid transport into the muscle cells (12). These data
lead to the conclusion that amino acid transport is a major de-
terminant in the regulation of protein anabolism. The observa-
tion that the plasma amino acid concentration pattern in the
elderly is different from the plasma amino acid composition of
young humans (13) could be an indirect sign of an alteration in
transport. Furthermore, in vitro studies reported that the aging
process in isolated cells leads to a reduction in neutral amino
acid transport (L system; 14) and intracellular neutral amino
acid pools (15), that in turn may reduce the substrate availabil-
ity for protein synthesis. Moreover, a study in rats showed that
in vivo aging is associated with a complete loss of the response
of amino acid transport system A to increased amino acid
availability (16). Therefore, it is possible that the alterations of
muscle protein metabolism in the elderly are due to an alter-
ation of amino acid transport activity. The observation that a
mixed meal stimulates myofibrillar protein synthesis to the
same extent in the elderly as in the young (5) does not rule out
this hypothesis, because no data on muscle protein breakdown
and/or muscle protein net balance were provided. In fact, if
amino acid transport was impaired in the elderly, the postpran-
dial increase in protein synthesis would not lead to net protein
deposition due to a concomitant increase in protein break-
down. If so, this would be analogous to the catabolic state after
severe burn injury, in which a deficiency in inward amino acid
transport is related to a net catabolism of muscle proteins, de-
spite an increase in muscle protein synthesis, even in the fed
state (17). A defect in amino acid transport and/or in the abil-
ity of muscle to switch from net catabolism to the net anabolic
state in the elderly would be evident during increased amino
acid availability (i.e., nutritional intake), when the entry of
amino acids into the cells should increase as already demon-
strated in the young (12). If there is a deficiency in transport in
the elderly, an increase in blood amino acid concentration will
not stimulate net muscle protein accretion, because the exoge-
nously administered amino acids will not enter the cell.

We designed the present study to determine if increased
amino acid availability increases amino acid transport into the
muscle and stimulates the net incorporation of amino acids
into muscle proteins in elderly individuals. Therefore, we mea-
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sured the kinetics of three essential and one nonessential
amino acid in the leg muscles of normal elderly volunteers in
the postabsorptive state and during the intravenous infusion of
an amino acid mixture.

 

Methods

 

Subjects.

 

The study was approved by the Institutional Review Board
of the University of Texas Medical Branch, Galveston, TX. Six
healthy elderly male volunteers (age 71

 

6

 

2 yr, mean

 

6

 

SEM) were re-
cruited through the Center on Aging Volunteers Registry of the Uni-
versity of Texas Medical Branch. All subjects gave informed, written
consent before participating in the study. The eligibility of the volun-
teers was assessed by performing a set of screening tests, which in-
cluded a physical examination, electrocardiogram, pulmonary func-
tion tests, chest x-ray, blood count, plasma electrolytes, blood glucose
concentration, liver, and renal function tests. Exclusion criteria were
heart disease, hypo- or hyper-coagulation disorders, artery or vein
diseases, hypertension, diabetes, obesity, cancer, chronic pulmonary
diseases, infectious diseases, and allergy to iodides.

The subjects were active (i.e., living on their own with no limita-
tion in ambulation or problems with falls) but untrained. Their body
mass index (BMI)

 

1

 

 was 28

 

6

 

3 kg/m

 

2

 

. Five subjects had leg muscle vol-
ume measured by means of magnetic resonance imaging (18) (image
acquisition: GE Signa 1.5, General Electric, Milwaukee, WI; image
processing: NIH-Image software, NIH public domain analysis pack-
age). One subject was unable to undergo the procedure due to claus-
trophobia. The measured total muscle volume of the studied leg was
normalized by the squared height to obtain a “leg muscle stature in-
dex,” which is conceptually similar to the BMI: the greater the leg
muscle stature index, the larger the relative leg muscle size. We chose
to express leg muscle volume by height rather than percent leg vol-
ume, because the latter depends not only on the muscle size but also
on the adiposity of the subject, so that a lean sarcopenic subject
would have a percent leg muscle much higher than an obese individ-
ual with normal muscle mass. The total muscle volume, as well as the
leg muscle stature index of the elderly group (

 

n

 

 

 

5

 

 5, age 69

 

6

 

1 yr,
weight 78.8

 

6

 

2 kg, height 167

 

6

 

1 cm, BMI 28

 

6

 

1 kg/m

 

2

 

), was signifi-
cantly lower than those of a BMI-matched group of young men (

 

n

 

 

 

5

 

 5,
age 30

 

6

 

2 yr, weight 86.7

 

6

 

5.2 kg, height 181

 

6

 

2 cm, BMI 26

 

6

 

1 kg/m

 

2

 

,
leg muscle volume): total leg muscle volume 4.52

 

6

 

0.15 versus 6.72

 

6

 

0.46 L, 

 

P

 

 

 

,

 

 0.01; leg muscle stature index 1.62

 

6

 

0.03 versus 2.04

 

6

 

0.10
L/m

 

2

 

, 

 

P

 

 

 

,

 

 0.02; elderly versus young, respectively.

 

Protocol.

 

Each subject was studied on one occasion during the
postabsorptive state. To avoid metabolic changes due to recent modi-
fications of the diet, the volunteers were instructed to eat their usual
diet during the week preceding the study. On the morning of the
study, the subjects were admitted to the Clinical Research Center of
the University of Texas Medical Branch at 0500 h, after an overnight
fast. At 0600 h, polyethylene catheters were inserted into a left fore-
arm vein for infusion of labeled amino acids, into a right wrist vein for
arterialized blood sampling and into the left femoral artery and vein
for blood sampling. The femoral arterial catheter was also used for
the infusion of Indocianine green (ICG).

After obtaining a blood sample for the measurement of back-
ground amino acid enrichment and ICG concentration, a primed,
continuous infusion of L-[ring-

 

2

 

H

 

5

 

]phenylalanine was started, fol-
lowed after 60 min by L-[2,3,3,4,5,5,5,6,6,6-

 

2

 

H

 

10

 

]leucine, L-[2-

 

15

 

N]lysine,
and L-[1-

 

13

 

C]alanine. Tracer infusion was maintained until the end of
the experiment (480 min). The following isotope infusion rates (IR)
and priming doses (PD) were used: L-[ring-

 

2

 

H

 

5

 

]phenylalanine: IR 

 

5

 

0.05 

 

m

 

mol 

 

?

 

 kg

 

2

 

1

 

 

 

?

 

 min

 

2

 

1

 

, PD 

 

5

 

 2 

 

m

 

mol/kg; L-[2,3,3,4,5,5,5,6,6,6-

 

2

 

H

 

10

 

]leucine: IR 

 

5

 

 0.08 

 

m

 

mol 

 

?

 

 kg

 

2

 

1

 

 

 

?

 

 min

 

2

 

1

 

, PD 

 

5

 

 4.8 

 

m

 

mol · kg

 

2

 

1

 

;

L-[2-

 

15

 

N]lysine: IR 

 

5

 

 0.08 

 

m

 

mol 

 

?

 

 kg

 

2

 

1

 

 

 

?

 

 min

 

2

 

1

 

, PD 

 

5

 

 7.2 

 

m

 

mol · kg

 

2

 

1

 

;
L-[1-

 

13

 

C]alanine: IR 

 

5

 

 0.35 

 

m

 

mol 

 

?

 

 kg

 

2

 

1

 

 

 

?

 

 min

 

2

 

1

 

, PD 

 

5

 

 35 

 

m

 

mol · kg

 

2

 

1

 

.
At 120 min, the first muscle biopsy was taken from the lateral

portion of the left vastus lateralis muscle, 

 

z

 

 20 cm above the knee, us-
ing a 4-mm Bergström biopsy needle (Depuy, Warsaw, IN). The tis-
sue was immediately frozen in liquid nitrogen and stored at 

 

2

 

80

 

8

 

C
until analysis.

To measure the leg blood flow, a continuous infusion of ICG dye
(0.5 mg · ml

 

2

 

1

 

) was started into the femoral artery (1 ml · min

 

2

 

1

 

) at
230 min and maintained until 270 min. Between 240 and 270 min, four
blood samples were taken every 10 min from the femoral and wrist
veins to measure plasma ICG concentration. Between 240 and 300
min, four blood samples were taken, one every 20 min, from the fem-
oral artery and vein, to measure whole blood concentration and en-
richment of free amino acids. To allow sampling from the femoral ar-
tery, the ICG infusion was briefly stopped and quickly resumed. At
300 min, an additional blood sample was drawn to measure insulin
concentration and a second muscle biopsy was taken.

After the basal period (0–300 min), a primed, continuous infusion
of unlabeled amino acids was started into the left forearm vein and
was maintained for 3 h until the end of the study. A commercial
amino acid mixture (10% Travasol, total amino acids 100 mg/ml;
Clintec Nutrition Co., Deerfield, IL) and a freshly prepared glu-
tamine solution (30 mg · ml

 

2

 

1

 

; Kyowa, Tokyo, Japan) were separately
infused at the rate of 1.35 ml 

 

?

 

 kg

 

2

 

1

 

 

 

?

 

 h

 

2

 

1

 

 (prime 0.45 ml · kg

 

2

 

1

 

) and
0.45 ml 

 

?

 

 kg

 

2

 

1

 

 

 

?

 

 h

 

2

 

1

 

 (prime 0.15 ml · kg

 

2

 

1

 

), respectively. The concen-
trations of the amino acids in the amino acid mixture (Travasol) were
the following [mg · ml

 

2

 

1

 

 and (

 

m

 

mol · l

 

2

 

1

 

), respectively]: alanine 20.7
(232.3), arginine 11.5 (66.0), glycine 10.3 (137.2), histidine 4.8 (30.9),
isoleucine 6.0 (45.7), leucine 7.3 (55.6), lysine 5.8 (39.7), methionine 4
(26.8), phenylalanine 5.6 (33.9), proline 6.8 (59.1), serine 5.0 (47.6),
threonine 4.2 (35.3), tryptophan 1.8 (8.8), tyrosine 0.4 (2.2), and va-
line 5.8 (49.5). The total amino acid infusion was 148.5 mg 

 

?

 

 kg

 

2

 

1

 

 

 

?

 

 h

 

2

 

1

 

.
Between 420 and 480 min, the measurement of leg blood flow was re-
peated and blood samples were taken, as described for the basal pe-
riod. At 480 min, before stopping the tracer and amino acid infusion,
the third muscle biopsy was taken.

 

Analytical methods.

 

The blood samples for the measurement of
amino acid concentration and enrichment were collected as previ-
ously described (19). An internal standard solution was added to the
blood samples (100 

 

m

 

l · ml

 

2

 

1

 

 of blood) for the measurement of
blood amino acid concentrations. This solution contained 50 

 

m

 

mol · l
of L-[ring-

 

13

 

C

 

6

 

]phenylalanine, 122 

 

m

 

mol · l

 

2

 

1

 

 of L-[5,5,5-

 

2

 

H

 

3

 

]leucine,
180 

 

m

 

mol · l

 

2

 

1

 

 of L-[1,2-

 

13

 

C

 

2

 

, 6,6-

 

2

 

H

 

2

 

]lysine, and 329 

 

m

 

mol · l

 

2

 

1

 

 of
L-[2,3,3,3-

 

2

 

H

 

4

 

]alanine. Blood amino acids were separated using cat-
ion exchange chromatography (20). The enrichments and the concen-
trations of phenylalanine, leucine, lysine, and alanine in arterial and
venous blood samples were determined on the propyl ester/heptaflu-
orobutyryl derivatives of the amino acids (21) using gas-chromatogra-
phy mass-spectrometry (GCMS) in positive chemical ionization (GC
HP 5890, MSD HP 5989; Hewlett Packard, Palo Alto, CA), and mon-
itoring the ions 404, 409, 410 for phenylalanine; 370, 373, 380 for leu-
cine; 581, 582, 585 for lysine; and 328, 329, 332 for alanine.

Muscle samples were weighed and the proteins were precipitated
with 450 

 

m

 

l of 14% perchloric acid. An internal standard solution (2

 

ml/mg of muscle tissue) was added to measure the intracellular con-
centrations of phenylalanine, leucine, lysine, and alanine. The solu-
tion contained 3 mmol · l21 of L-[ring-13C6]phenylalanine, 6 mmol · l21

of L-[5,5,5-2H3]leucine, 5 mmol · l21 of L-[1,2-13C2, 6,6-2H2]lysine, and
85 mmol · l21 of L-[2,3,3,3-2H4]alanine. The tissue was homogenized,
centrifuged, and the supernatant was collected. This procedure was
repeated three times. The enrichment and concentrations of the in-
tracellular amino acids were determined on their t-BDMS derivatives
(20) by GCMS in electron impact mode, monitoring the ions 234, 239,
240 for phenylalanine; 302, 305, 312 for leucine; 431, 432, 435 for
lysine; and 260, 261, 264 for alanine. The pellet was washed and dried.
The proteins were hydrolyzed in HCl 6 N at 1108C for 24 h. The hy-
drolysate was processed as blood samples and phenylalanine enrich-

1. Abbreviations used in this paper: BMI, body mass index; FSR, frac-
tional synthetic rate; GCMS, gas-chromatography mass-spectrome-
try; ICG, Indocianine green; IR, infusion rates; PD, priming doses.
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ment was measured by GCMS (GC 8000 series, MD 800; Fisons In-
struments, Manchester, UK), using chemical ionization and the
standard curve approach (22).

The concentration of plasma insulin was measured with a com-
mercial radio immunoassay kit (Incstar, Stillwater, MN). The serum
concentration of ICG was measured by means of a spectrophotome-
ter at l 5 805 nm.

Calculations. This protocol was designed to simultaneously as-
sess, in skeletal muscle, the kinetics of intracellular free amino acids
and the fractional synthetic rate (FSR) of muscle proteins by the in-
corporation of labeled phenylalanine.

The kinetics of intracellular amino acids were described by a
three compartment model recently developed in our laboratory (23;
Fig. 2). The model enables the calculation of the rate of amino acid
delivery to the leg (Fin), the rate at which amino acids leave the leg
(Fout), the rate of inward (FM,A) and outward (FV,M) muscle trans-
membrane transport, the rate of intracellular appearance (FM,0) of the
amino acids (from protein breakdown for phenylalanine, leucine, and
lysine, from protein breakdown, and de novo synthesis for alanine),
the rate of amino acid use (F0,M) for protein synthesis for phenylala-
nine and lysine, that are not oxidized into the muscle, and for protein
synthesis plus oxidation for leucine. The simultaneous infusion of
four different amino acid tracers enabled us to quantify the activity of
the major amino acid transport systems. Phenylalanine and leucine
are the preferential substrates of the L system, alanine may be trans-
ported by the A, ASC, and L systems, and lysine is transported by the
y1 system (24). Thus, because the four amino acid tracers we infused
are transported and metabolized differently, we have been able to
evaluate and quantify, simultaneously and separately, the transmem-
brane transport and intracellular events of amino acid metabolism,
distinguishing the fate of each amino acid.

The three compartment model parameters (Fig. 2) were calcu-
lated as follows:

(1)

(2)

(3)

(4)

Fin CA BF⋅=

Fout CV BF⋅=

NB CA( CV ) BF⋅–=

FM A,
EM EV–

EA EM–
-------------------- CV⋅ 

  CA+ BF⋅=

(5)

(6)

(7)

(8)

where CA and CV are the blood-free amino acid concentrations in the
femoral artery and vein, respectively; EA, EV, and EM are amino acid
enrichments, expressed as tracer/tracee ratio, in the femoral artery
and vein blood, and in muscle, respectively; BF is leg blood flow.
Data are expressed per 100 ml of leg volume (23).

Using phenylalanine and lysine data, we were able to calculate
protein synthesis efficiency, defined as the fraction of the intracellular
amino acid rate of appearance that is incorporated into the muscle
proteins, as these two amino acids are not oxidized in the muscle and,
therefore, the F0,M represents the amount of amino acid incorporated
in the muscle proteins:

(9)

Leg plasma flow was calculated from the steady-state dye concen-
tration values in the femoral and wrist vein, as previously described
(25, 26). Leg blood flow was calculated by correcting the plasma flow
by the hematocrit.

Additionally, we determined the FSR of muscle proteins by mea-
suring the incorporation rate of the isotopes into the proteins and us-
ing the precursor-product model (27). Muscle FSR was calculated by
dividing the increment in enrichment in the product (DEP), that is, the
increment in protein-bound phenylalanine tracer/tracee ratio, by the
enrichment in the precursor (free intracellular phenylalanine tracer/
tracee ratio), in the basal period (2nd–1st biopsy DEP) and during
amino acid infusion (3rd–2nd biopsy DEP):

(10)

where EM(1) and EM(2) are the phenylalanine enrichments, expressed
as tracer/tracee ratio, in the free muscle pool in the two subsequent

FV M,
EM EV–

EA EM–
-------------------- CV⋅ 

  CV+ BF⋅=

FV A, Fin FM A,–=

FM O, FM A,
EA

EM

------- 1– 
 ⋅=

FO M, FM O, NB+=

Protein synthesis efficiency
FO M,

FM A, FM O,+
-------------------------------.=

FSR
∆EP

t
----------

1
EM 1( ) EM 2( )+

2
------------------------------------

------------------------------------ 60 100⋅ ⋅ ⋅=

Figure 1. Study design. Six nor-
mal elderly volunteers were 
studied on one occasion. The 
study was divided in a basal post-
absorptive period (0–300 min) 
and an amino acid infusion pe-
riod (300–480 min). After back-
ground blood samples were 
taken (0 min) a primed, continu-
ous infusion of ring-2H5-phenyl-
alanine was started, followed af-
ter 1 h (60 min) by a primed, 
continuous infusion of 2H10-leu-
cine, 15N1-lysine, and 13C1-ala-
nine (see text for priming doses 
and infusion rates). From 300 
min to the end of the study (480 

min) a primed, continuous infusion amino acid mixture (Travasol) plus freshly prepared glutamine was administered (see text for priming doses 
and infusion rates). Between 240–300 min and 420–480 min, blood samples were taken every 20 min from the femoral artery and vein to measure 
muscle protein kinetics. Muscle biopsies were taken at 120, 300, and 480 min. To measure leg blood flow, from 230–270 min and from 410–450 
min a continuous infusion of ICG was administered through the femoral artery catheter and blood samples were taken from a wrist vein and 
from the femoral vein every 10 min from 240–270 min and from 420–450 min.
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biopsies, and t is the time interval between the two sequential biop-
sies. The results are expressed in % ? h21, multiplying by the factors
60 (min · h21) and 100.

Statistical analysis. The comparisons between the basal period
and the intravenous infusion of amino acids within the elderly group
were carried out for each variable using the two-tailed paired t test.
The comparisons between elderly and young subjects were carried
out using the two-tailed unpaired t test for equal or unequal vari-
ances, according to the results of the test for equality of variances.
Differences were considered significant at P , 0.05. The linear rela-
tionships between variables were measured with the Pearson correla-
tion coefficient.

Results

In the last hour of the basal (240–300 min) and amino acid in-
fusion (420–480 min) periods, blood amino acid concentrations
and enrichments in the femoral artery and vein were at steady
state.

The average concentrations of free amino acids in the fem-
oral artery and vein, and the muscle cells increased signifi-
cantly during amino acid infusion (Table I).

Exogenous amino acid infusion significantly decreased the
enrichments of the four traced amino acids (Table II) in the
femoral artery and vein. Intracellular amino acid enrichments
decreased during amino acid infusion as well. The ratio be-
tween intracellular and arterial enrichment increased signifi-
cantly for all amino acids except lysine.

Insulin concentrations increased during amino acid infu-
sion (6.262.5 versus 10.263.6 mU · ml21, basal versus amino
acid infusion, P , 0.05).

Blood flow was unaffected by amino acid infusion (6.086
1.66 versus 6.4461.66 ml ? min21 ? 100 ml leg21, basal versus
amino acid infusion), thus, we used the mean value of each
subject to calculate the model-derived parameters.

During amino acid infusion, the increment DEP of the en-
richment of muscle protein–bound phenylalanine was not dif-
ferent from that observed in the basal state (3.34 ? 102560.29 ?
1025 versus 4.51 ? 102560.76 ? 1025, basal versus amino acid in-
fusion). Because the amino acid infusion decreased the intra-
cellular free phenylalanine enrichment, the net result was a
significant increase in the FSR of muscle proteins during
amino acid infusion when compared to the basal state (FSR:
0.047460.0054 versus 0.094060.0143% ? h21, P , 0.05) (Fig. 3).

The model-derived parameters of leg muscle free amino
acid kinetics in the six elderly volunteers in the basal period
(240–300 min) and during the infusion of an amino acid mix-
ture (AA infusion, 420–480 min reported in Table III). Amino
acid infusion significantly increased the delivery of the four
traced amino acids to the leg (Fin) and their escape from the
leg (Fout). However, amino acid infusion caused a shift in the

Figure 2. Three compartment model of leg amino acid kinetics. Free 
amino acid pools in femoral artery (A), femoral vein (V), and muscle 
(M) are connected by arrows indicating unidirectional amino acid 
flow between the compartments. Amino acids enter the leg via femo-
ral artery (Fin) and leave the leg via femoral vein (Fout). FV,A is the di-
rect flow from artery to vein of the amino acids that do not enter the 
intracellular fluid. FM,A and FV,M are the inward and the outward 
transport from the artery to the muscle and from the muscle to the 
vein, respectively. FM,0 is the intracellular amino acid appearance 
from proteolysis for phenylalanine, leucine, and lysine, or proteolysis 
plus de novo synthesis for alanine. F0,M is the rate of disappearance of 
intracellular amino acids for protein synthesis (phenylalanine and 
lysine) and protein synthesis plus other metabolic fates, if any, for 
alanine and leucine.

Table I. Effect of Amino Acid (AA) Infusion on the 
Concentrations of Free Amino Acids in the Femoral Artery 
and Vein, and in the Muscle Cells

Artery Vein Muscle

mmol/liter

Phenylalanine
Basal 9364 10565 191621
AA infusion 243613* 229615* 426651*

Leucine
Basal 142610 152610 199636
AA infusion 352618* 327619* 393643*

Lysine
Basal 259620 272622 7756162
AA infusion 427639* 411641* 8446176‡

Alanine
Basal 420631 521626 22416311
AA infusion 1007661* 1055676* 33156292‡

Data are mean6SEM. *P , 0.01 versus basal, ‡P , 0.05 versus basal.
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net balance from net output to net uptake, which was signifi-
cant for all the traced amino acids except lysine. Amino acid
infusion also significantly increased the inward transport rates
(FM,A) of phenylalanine and leucine, with no significant effect
on the outward transport rates (FV,M). Alanine and lysine in-
ward transport rates increased during amino acid infusion but
the responses did not reach statistical significance. However,
the inward transport rates (FM,A) of the four traced amino
acids were significantly and positively correlated with their
respective rates of delivery (Fin) (phenylalanine r 5 0.9497,
leucine r 5 0.8377, lysine r 5 0.8434, alanine r 5 0.9124; P ,

0.001) and arterial concentrations (CA) (phenylalanine r 5
0.7046, leucine r 5 0.5677, lysine r 5 0.5788, alanine r 5
0.6773; P , 0.05), indicating a strong relationship between
amino acid transport into the muscle cells and arterial amino
acid availability. The intracellular rates of appearance (FM,0),
an index of proteolysis when measured with phenylalanine,
leucine, and lysine, and of proteolysis plus de novo synthesis
when measured with alanine, did not change during amino
acid infusion. Consistent with the direct incorporation data,
the rate of intracellular utilization of phenylalanine for protein
synthesis increased significantly during amino acid infusion.
Also, the leucine utilization rate increased, whereas the values
for lysine and alanine, although increased, did not reach statis-
tical significance. The utilization rates (F0,M) of the four traced
amino acids were significantly (P , 0.01) and positively re-
lated to their respective rate of delivery into the cell (FM,A)
(phenylalanine r 5 0.7750, leucine r 5 0.7442, lysine r 5
0.7230, alanine r 5 0.8916), indicating that the intracellular uti-
lization of amino acids increases when their availability in-
creases. On the other hand, no relationship was found between
the amino acid utilization rates and their intracellular concen-
trations.

Protein synthesis efficiency did not change from the basal
values during amino acid infusion for either phenylalanine
(2762 versus 2364%, P 5 NS, basal versus amino acid infu-
sion) and lysine (5465 versus 6366%, P 5 NS, basal versus
amino acid infusion).

Discussion

This study demonstrates that amino acids alone can stimulate
muscle protein anabolism in elderly individuals whose muscle
mass was reduced, as compared to their younger counterparts.
Increasing the amino acid delivery to the leg by the intrave-
nous infusion of an amino acid mixture apparently increased
net muscle protein synthesis by increasing inward amino acid
transport. This is supported by the fact that protein synthesis
efficiency did not change during amino acid infusion, indicat-
ing that in the elderly the increase in net protein synthesis was

Table II. Effect of Amino Acid (AA) Infusion on the Enrichments of Free Amino Acids in the Femoral Artery and Vein, and in the 
Muscle Cells

Tracer to Tracee Ratio

Muscle/ArteryArtery Vein Muscle

Phenylalanine
Basal 0.07260.001 0.05560.001 0.04360.002 0.6060.02
AA infusion 0.03460.001* 0.03160.001* 0.02960.001* 0.8560.03*

Leucine
Basal 0.04660.002 0.03460.002 0.02660.001 0.5660.04
AA infusion 0.02660.001* 0.02360.001* 0.02160.001‡ 0.8060.04*

Lysine
Basal 0.07160.005 0.05360.003 0.02860.002 0.4160.05
AA infusion 0.04760.005* 0.03560.003* 0.01960.003* 0.4160.06

Alanine
Basal 0.06160.004 0.03360.002 0.02060.001 0.3460.02
AA infusion 0.02960.001* 0.02260.001* 0.01660.001‡ 0.5760.03*

Data are mean6SEM. *P , 0.01 versus basal, ‡P , 0.02 versus basal.

Figure 3. Muscle protein fractional synthetic rate in one group of 
healthy elderly subjects during the postabsorptive state (basal, open 
bar) and the intravenous infusion of an amino acid mixture (AA infu-
sion, gray bar). The intravenous infusion of amino acids increased the 
synthesis rate of muscle proteins by z 100% (P , 0.05).
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only due to the increase in intracellular amino acid availability.
This peculiar effect of amino acids on muscle protein synthesis
is similar to that previously observed in young individuals in
similar experimental conditions (12). On the other hand, it
contrasts with the effect of insulin (19) and testosterone (28) of
which administration in young subjects caused an increase in
protein synthesis in the absence of a concomitant increase in
intracellular amino acid availability, thus, resulting in an en-
hancement of protein synthesis efficiency.

The inward amino acid transport rates (FM,A) of the indi-
vidual amino acids increased with the increase in amino acid
delivery to the leg, as demonstrated by the significant linear
correlation between the delivery rate to the leg (either Fin or
arterial concentration CA) and the inward transport observed
for each amino acid. This supports the notion that the trans-
port of phenylalanine and leucine (L system), alanine (A,
ASC, and L systems) and lysine (y1 system) (24) are all stimu-
lated by increased amino acid availability. The increase in
amino acid inward transport was also indirectly confirmed by
the increase in the intracellular concentrations of amino acids,
and the reduction in the difference between the intracellular
and the arterial free amino acid enrichments (increase in the
muscle/artery enrichment ratio, which reflects the percent of
the intracellular pool derived from plasma). This finding sug-
gests that, unlike in old rats (16) and in aging cultured cells
(14), amino acid transport into the muscle cells in elderly
healthy humans can be effectively stimulated by increased
amino acid availability. Whereas in a general sense all trans-
porters responded positively to the increased amino acid avail-
ability, the response of the different transporters was not the
same. The systems affecting phenylalanine, leucine, and ala-
nine transported into the muscle cells z 60% of the delivered
amino acids, as indicated by the ratio of inward transport to

amino acid availability (FM,A/Fin). On the other hand, the y1

system responsible for lysine transport (24) behaved differ-
ently, because only z 40% of the available amino acid was
transported by this system. This probably explains the absence
of a significant increase in the lysine FM,A and muscle/artery
enrichment ratio despite an increase in arterial concentration
during amino acid infusion.

The increased amino acid delivery to the cells stimulated
muscle protein synthesis in the elderly volunteers. The use of
phenylalanine for protein synthesis increased significantly as
calculated by the three compartment model (F0,M z 170%) or
by the precursor-product approach (FSR z 1100%). Because
the breakdown rate (FM,0) did not change, the overall effect
was net protein deposition. This was reflected by a positive net
balance of phenylalanine, providing further evidence for the
stimulatory effect of amino acids on net protein synthesis. The
lack of a significant effect of amino acid administration on
lysine utilization rate (F0,M) could be explained by the large
size of the free intracellular pool of this amino acid, which
might prevent the detection of relatively small kinetic changes.

We found that the utilization rates (F0,M) of all the traced
amino acids were significantly correlated with the respective
rates of entry into the cells (FM,A), so that the higher the amino
acid delivery into the cells, the greater the utilization of amino
acids. Theoretically, an increase in amino acid transport might
increase amino acid use by simply providing more substrate to
be used for protein synthesis (and oxidation when taking place
in the muscle). However, consistent with recent data obtained
in young subjects (12), we did not find any relation between
the intracellular amino acid concentrations and their utiliza-
tion rates. Therefore, the inward amino acid transport and
amino acid use for protein synthesis seem to be related by fac-
tors other than the intracellular substrate concentration. In

Table III. Effect of Intravenous Amino Acid (AA) Infusion on the Parameters of Leg Muscle Free Amino Acid Kinetics in
the Elderly

Fin Fout NB FM,A FV,M FV,A FM,0 F0,M FM,A/Fin

nmol ? min21 ? 100 ml leg21

Phenylalanine
Basal 5856127 6666150 281624 314674 394697 272670 217652 136628 0.5560.05
AA infusion 15576357* 14636335* 194645‡ 10566323‡ 9626306 5026128 141628 235658‡ 0.6460.09

Leucine
Basal 8806186 9456197 265616 5436135 6086148 3376102 383689 318679 0.5960.08
AA infusion 22276478* 20596437* 1168655‡ 16436525‡ 14756501 5846351 349691 5176119‡ 0.7060.13

Lysine
Basal 16516386 17316403 280629 5466122 6266149 11056306 8496212 7696191 0.3660.05
AA infusion 27956691‡ 26526651‡ 11426102 10656275 9226195 17306489 16096380 17516443 0.4360.07

Alanine
Basal 25886513 32806709 26926244 14696254 21616455 11196265 30986710 24066590 0.5960.03
AA infusion 667361732‡ 705861899‡ 23866204‡ 383761408 422261603 28366794‡ 349461501 310861314 0.5460.07

Fin, amino acid flow into the leg from the systemic circulation via femoral artery. Fout, amino acid flow from the leg to the systemic circulation via fem-
oral vein. NB, amino acid net balance across the leg; negative numbers indicate net release, positive numbers net uptake. FM,A, inward amino acid
transport from the femoral artery into the free intracellular amino acid pool. FV,M, outward amino acid transport from the intracellular free amino
acid pool to the femoral vein. FV,A, amino acid shunt from the artery to the vein without entering in the intracellular fluid. FM,0, intracellular amino acid
appearance from proteolysis for phenylalanine, leucine, and lysine, from proteolysis and de novo synthesis for alanine. F0,M, intracellular amino acid use
for protein synthesis for phenylalanine and lysine, for protein synthesis, and other fates for leucine and alanine. FM,A/Fin, fraction of amino acids deliv-
ered to the leg that are taken up by the transport systems. Data are mean6SEM. *P , 0.01 versus basal, ‡P , 0.05 versus basal.
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vitro data indicate that cell swelling due to amino acid–induced
alterations in ion fluxes could be responsible for the increase in
protein synthesis observed in hepatocytes during increased
amino acid availability (29), but the relevance of this observa-
tion to the in vivo situation in muscle cells is unclear. Although
the precise mechanism linking transport to synthesis remains
to be determined, our data provide strong evidence for the
beneficial effect of increased amino acid availability on muscle
protein anabolism in the elderly, where the increase in amino
acid delivery stimulates muscle protein deposition by increas-
ing amino acid transport.

Previous studies in young humans have shown that blood
flow increases during amino acid infusion (12, 30, 31) and,
thus, it could be partly responsible for the increase in amino
acid delivery to the peripheral tissues and the consequent in-
crease of amino acid transport and utilization rates (12). In the
present study, we did not observe any significant difference in
the blood flow rate during amino acid infusion. This could be
the result of an age-related impairment in the responsiveness
to the vasodilatory action of amino acids, similar to the age-
related impairment of the vascular response to insulin infusion
(32). The absence of a response of blood flow to amino acids
could have been responsible for a reduction of the positive ef-
fect of amino acid infusion on muscle protein metabolism, but
our results indicate that this was a minor issue as muscle pro-
tein anabolism primarily relies on the blood amino acid con-
centrations via transport activity.

This was the first time we have used the three-pool model
to describe muscle-free amino acid kinetics (23) in elderly sub-
jects. The concordance of the results concerning protein syn-
thesis and amino acid transport obtained both with this model
and with model-independent parameters, such as FSR and EM/
EA, indicates that the three-pool model is also valid in elderly
subjects.

Thus, in elderly people, although the total muscle mass and
the myofibrillar (3–5) and mitochondrial fractional synthetic
rates (6) are reduced, when compared to that of young individ-
uals, the response of muscle amino acid transport and net pro-
tein synthesis to increased amino acid availability is preserved.
In fact, not only the direction, but also the magnitude of the re-
sponse of muscle amino acid transport and protein synthesis in
this group of active elderly individuals were not different from
that obtained in a group of young untrained subjects given the
same amount of amino acids during a similar protocol (12; Ta-
ble IV). The data on the table are presented as percent change
from basal to account for difference in leg volume. In the eld-
erly, as well as in the young, amino acid administration in-
creased amino acid transport and muscle protein synthesis in
the absence of any changes in the rates of protein breakdown,
resulting in muscle net protein deposition as indicated by the
shift of leg net balance from negative to positive in both
groups. Furthermore, because protein synthesis efficiency was
similar in the two age groups (z 20–25% with phenylalanine
and z 55–60% with lysine) and remained unchanged during
amino acid infusion, we can conclude that exogenous amino
acids stimulate muscle protein anabolism only by increasing
the availability of substrate for protein synthesis in the elderly
as well as in the young. In addition, these results rule out any
significant role for the slight increase in insulin concentrations
with amino acid infusion observed both in the elderly and in
the young (12), as protein synthesis efficiency increases with
insulin (19). Our results are consistent with data obtained in

old rats, showing that the increase of muscle protein synthesis
during amino acid infusion is preserved with age (33). This
contrasts to the acutely catabolic response to stress in individu-
als of any age, where the increase of protein synthesis is ac-
companied by a greater increase of breakdown and an impair-
ment of amino acid transport, thus resulting in net muscle loss
(17). Our results support the notion that if there is a dietary
basis (34–36) to the loss of muscle mass with aging, the lack of
amino acid (37, 38) and energy intake (39, 40) is more likely
the problem than is the inability to efficiently use amino acids
once ingested. In fact, a positive balance of amino acids across
muscle tissue was achieved during the infusion of amino acids,
reflecting an anabolic response. The preservation of an ana-
bolic response of muscle to amino acids allows us to hypothe-
size that muscle mass could be better maintained if adequate
protein or amino acids were ingested.
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