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Abstract
Muscle mass declines with aging. Amino acids alone stimulate muscle protein synthesis in the
elderly. However, mixed nutritional supplementation failed to improve muscle mass. We
hypothesized that the failure of nutritional supplements is due to altered responsiveness of muscle
protein anabolism to increased amino acid availability associated with endogenous
hyperinsulinemia.

We measured muscle protein synthesis and breakdown, and amino acid transport in healthy young
(30 ± 3 yr) and elderly (72 ± 1 yr) volunteers in the basal postabsorptive state and during the
administration of an amino acid-glucose mixture, using L-[ring-2H5]phenylalanine infusion,
femoral artery and vein catheterization, and muscle biopsies. Basal muscle amino acid turnover
was similar in young and elderly subjects. The mixture increased phenylalanine leg delivery and
transport into the muscle in both groups. Phenylalanine net balance increased in both groups
(young, −27 ± 8 to 64 ± 17; elderly, −16 ± 4 to 29 ± 7 nmol/(min·100 mL); P < 0.0001, basal vs.
mixture), but the increase was significantly blunted in the elderly (P = 0.030 vs. young). Muscle
protein synthesis increased in the young, but remained unchanged in the elderly [young, 61 ± 17 to
133 ± 30 (P = 0.005); elderly, 62 ± 9 to 70 ± 14 nmol/(min·100 mL) (P = NS)]. In both groups,
protein breakdown decreased (P = 0.012) and leg glucose uptake increased (P = 0.0258) with the
mixture.

We conclude that the response of muscle protein anabolism to hyperaminoacidemia with
endogenous hyperinsulinemia is impaired in healthy elderly due to the unresponsiveness of protein
synthesis.

Muscle mass and function progressively decline with aging (1, 2). This process has been
termed sarcopenia and is associated with risk of falls and functional dependence (3, 4). Both
undernutrition and disuse have been identified as potentially preventable contributing factors
(5, 6). Nutritional intervention is an appealing method of prevention and treatment of
sarcopenia of the elderly due to its wide applicability and safety. However, attempts to
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improve muscle mass and strength in the elderly with nutritional supplements failed to
demonstrate a beneficial effect (7, 8).

The failure of nutritional supplementation in the treatment of sarcopenia of the elderly may
be due to age-related alterations of muscle protein metabolism in response to feeding. This
hypothesis is indirectly supported by recent data in humans suggesting that protein
requirements increase with age (9). Increased protein requirements in aging suggest a
decline in the ability of old muscle to use and maintain dietary amino acids. Recent studies
in old rats have shown that muscle protein synthesis is blunted during balanced feeding (10).
In humans, muscle protein synthesis has been found to be slower in elderly compared with
young controls during a 5-h meal (11). However, when these data were compared with those
obtained in different subjects in the fasting state the stimulation of muscle protein synthesis
from the basal level appeared to be similar in elderly and young (11). On the other hand,
another study from the same group showed that high protein meals do not stimulate muscle
protein synthesis in elderly volunteers undergoing exercise training (12). Nevertheless, we
recently reported that muscle protein turnover is similar in healthy elderly to that in younger
counterparts in the fasting state and in response to an amino acid load (13, 14). Our results
appear to be in conflict with those of other investigators (7, 8, 10, 12), although this is not
necessarily the case, as different combinations of nutrients were used. We used a balanced
mixture of amino acids alone (13, 14), whereas all other studies (7, 8, 10, 12) used a mixture
of protein, fat, and carbohydrate, which stimulated the endogenous insulin response.

Like amino acids, insulin is a very potent anabolic stimulus for muscle protein metabolism.
Different researchers have shown that in young adults insulin stimulates muscle protein
anabolism when given alone or in combination with amino acids, and that the combination
of insulin and amino acids appears to be more beneficial than either stimulus alone in young
individuals (reviewed in Ref. 15). Although the mechanism(s) is still under debate (16),
aging is associated with increased prevalence of insulin resistance that results in glucose
intolerance and diabetes (17). However, no data are available on the physiologic interaction
between amino acids and insulin on muscle protein metabolism in the elderly.

Based on prior studies, we hypothesized that the failure of mixed nutritional
supplementation to increase muscle mass in the elderly depends on specific alterations in the
response of muscle to the combined effects of exogenous amino acids and endogenous
insulin. Consequently, we compared in healthy young and elderly subjects the response of
muscle protein synthesis, breakdown and net balance to ingestion of a mixture of amino
acids and glucose that stimulates endogenous hyperinsulinemia.

Subjects and Methods
Subjects

We recruited five healthy young (one woman and four men; age, 30 ± 3 yr; body mass
index, 24.7 ± 0.4 kg/m2) and five healthy elderly (one woman and four men; age, 72 ± 1 yr;
body mass index, 25.9 ± 0.9 kg/m2) volunteers through the Center on Aging Volunteers
Registry of the University of Texas Medical Branch. All subjects gave informed written
consent before participating in the study, which was approved by the Institutional Review
Board of the University of Texas Medical Branch (Galveston, TX).

Volunteer eligibility was assessed by physical examination and laboratory tests, including
electrocardiogram, blood count, plasma electrolytes, liver and renal function tests, blood
glucose, and oral glucose tolerance test. Exclusion criteria were heart disease, coagulation
disorders, artery or vein diseases, hypertension, obesity, cancer, acute or chronic pulmonary
diseases, infectious diseases, and diabetes mellitus or glucose intolerance, as defined by the
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report of the Expert Committee on the Diagnosis and Classification of Diabetes Mellitus
(18).

Both young and elderly volunteers were physically active, i.e. living on their own with no
limitation in ambulation or history of falls, although not exercise trained. We specifically
excluded subjects of any age who were engaged in exercise training programs.

Study design
Each subject was studied after an overnight fast. The volunteers were instructed to eat their
usual diet during the week preceding the study to avoid metabolic changes due to recent
dietary modifications. The evening before the study the subjects were admitted to the
General Clinical Research Center of the University of Texas Medical Branch. They ate a
light dinner, after which they were allowed only water ad libitum. The morning of the study,
at approximately 0600 h, polyethylene catheters were inserted into a forearm vein for tracer
infusion, in the wrist vein of the opposite hand for arterialized blood sampling, and in the
femoral artery and vein of one leg for blood sampling. The arterial catheter was also used for
the infusion of indocyanine green (ICG; Cardio-Green, Becton Dickinson and Co.,
Cockeysville, MD).

After a blood sample was drawn for the measurement of background phenylalanine and
glucose enrichments and ICG concentration, a primed continuous infusion of L-
[ring-2H5]phenylalanine (priming dose, 2 μmol/kg; infusion rate, 0.05 μmol/(kg·min);
Cambridge Isotope Laboratories, Andover, MA) and [6,6-2H2]glucose (priming dose, 19
μmol/kg; infusion rate, 0.22 μmol/(kg·min); Cambridge Isotope Laboratories) were started
and maintained at constant rate for 480 min until the end of the experiment (Fig. 1). At 120
min a muscle biopsy was taken from the lateral portion of the muscle vastus lateralis of the
leg with the femoral catheters, about 20 cm above the knee, using a 5-mm Bergström biopsy
needle. The tissue was immediately frozen in liquid nitrogen and stored at −80 C until
analysis. At 230 min a continuous infusion of ICG dye (0.5 mg/min) was started in the
femoral artery and was maintained until 270 min to measure leg blood flow. To measure the
plasma ICG concentration, four blood samples were taken every 10 min between 240–270
min from the femoral and wrist veins. Subsequently, between 270–300 min, four blood
samples were taken every 10 min from the femoral artery and vein to measure plasma
phenylalanine concentrations and enrichments, and glucose concentration. At 240 and 300
min additional blood samples were drawn from the femoral artery to measure insulin, GH,
and insulin-like growth factor I (IGF-I) concentrations. At 300 min a second muscle biopsy
was taken as previously described. Immediately after the biopsy was taken, oral
administration of a liquid amino acid-glucose mixture was started and continued for 3 h until
the end of the study. The mixture contained a total of 40 g glucose and 40 g crystalline
amino acids (Sigma, St. Louis, MO) in the same proportion as that found in beef proteins
(19). The mixture was dissolved in 540 mL water containing a sugar-free flavoring (Crystal
Light, Kraft Foods, Inc., White Plains, NY). The mixture was given as small boluses (30
mL) every 10 min to achieve steady state plasma phenylalanine enrichments and
concentrations, and steady state blood glucose concentrations. The amount of glucose
(young, 17.83 ± 0.15; elderly, 18.04 ± 0.33 mg/(kg·min); P = 0.57), phenylalanine (young,
0.75 ± 0.03; elderly, 0.73 ± 0.05 μmol/(kg·min); P = 0.70), and total amino acids (young,
3.08 ± 0.12; elderly, 2.95 ± 0.22 mg/(kg·min); P = 0.64) given were similar in the two
groups. To avoid an excessive reduction of blood glucose enrichment during oral glucose
intake, the infusion rate of [6,6-2H2]glucose was increased to 0.85 μmol/(kg·min). We chose
to increase the iv infusion of labeled glucose rather than add the tracer to the oral mixture
because the oral glucose was given at a constant rate, and therefore the problem of isotopic
nonsteady state was not an issue. Between 420 and 480 min the measurement of leg blood
flow was repeated, and blood samples were taken as described for the fasting period. At 480
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min, before stopping the tracer and amino acid infusion, a third muscle biopsy was taken.
All of the subjects but one young volunteer, who was lost at follow-up, underwent leg
magnetic resonance imaging (MRI) to measure muscle leg volume approximately 1–2 weeks
after the study.

Analytical methods
The concentration of plasma insulin was measured with a commercial RIA kit (Diagnostic
Products, Los Angeles, CA). Plasma human (h) GH was measured using a commercial
immunoassay (Nichols Institute Diagnostics, San Juan Capistrano, CA), and IGF-I was
measured using a commercial immunoradiometric assay (Nichols Institute Diagnostics, San
Juan Capistrano, CA). Plasma glucose concentrations were measured with an enzymatic
method (YSI, Inc., Yellow Springs, OH). The serum ICG concentration was measured with
a spectrophotometer set at λ = 805 nm.

The arterial and venous samples were processed as previously described (20), and
phenylalanine and glucose enrichments and phenylalanine concentrations were measured
using gas chromatography-mass spectrometry (GCMS; GC HP 5890, MSD HP 5989,
Hewlett-Packard Co., Palo Alto, CA).

Muscle samples were processed as previously described (20), and free tissue phenylalanine
enrichments and concentrations were determined by GCMS. The intracellular concentration
of phenylalanine was then calculated from the tissue value, accounting for the ratio of
intracellular to extracellular water (21). Mixed muscle protein-bound phenylalanine
enrichment was measured by GCMS (GC 8000 series, MD 800, Fisons Instruments,
Manchester, UK) using the standard curve approach previously described (22).

Leg skeletal muscle volume was determined by analysis of images collected by MRI (GE
Signa 1.5 Tesla whole body imager: General Electric, Milwaukee, WI). Initial images were
taken of the frontal plane to establish the anatomical landmarks used to demarcate upper
(greater trochanter to patella) and lower (patella to ankle) leg series. Consecutive transaxial
images, 10 mm thick, were collected between these landmarks. The differences between fat
(200–300 ms) and muscle (800–900 ms) relaxation times in T1 enabled analysis using an
intensity threshold method. The images were subsequently processed using NIH Image
software (NIH public domain analysis package).

Calculations
We calculated skeletal muscle amino acid kinetics from the enrichments and concentrations
of phenylalanine in the femoral artery and vein and from the enrichment of tissue-free
phenylalanine, using a three-pool model previously described and validated (21).
Phenylalanine was used because it is an essential amino acid, i.e. it is not produced in the
body and is not oxidized in the muscle tissue. Thus, it allows calculation of muscle protein
synthesis and breakdown in addition to the measurement of amino acid delivery to the leg,
release from the leg, transport into and from the muscle tissue, and shunting from the artery
to the vein without entering the tissue space. The three-pool model parameters were
calculated as follows: delivery to the leg, Fin = CA × BF (Eq I); release from the leg, Fout =
CV × BF (Eq II); net balance across the leg, NB = (CA − CV) × BF (Eq III); transport into
muscle, FM,A = {[(EM − EV)/(EA − EM) × CV] + CA } × BF (Eq IV); transport from muscle,
FV,M = {[(EM − EV)/(EA − EM) × CV] + CV} × BF (Eq V); artery-vein shunting, FV,A = Fin
− FM,A (Eq VI); muscle protein breakdown, FM,O = FM,A × [(EA/EM) − 1] (Eq VII); and
muscle protein synthesis, FO,M = FM,O + NB (Eq VIII). CA and CV are plasma
phenylalanine concentrations in the femoral artery and vein, respectively; EA, EV, and EM
are phenylalanine enrichments (tracer/tracee ratio) in femoral arterial and venous plasma and
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in muscle, respectively; BF is leg blood flow. Data are presented per 100 mL leg volume
(21).

Leg plasma flow was calculated from the steady state dye concentration values in the
femoral and wrist vein as previously described (23, 24). Leg blood flow was calculated by
correcting the plasma flow by the hematocrit.

Additionally, we determined the fractional synthetic rate (FSR) of mixed muscle proteins by
measuring the incorporation rate of L-[ring-2H5]phenylalanine into the proteins using the
precursor-product model (25) as follows: FSR = {[(ΔEP/t)/](EM(1) + EM(2))/2]} × 60 × 100
(Eq IX). ΔEP is the increment in protein-bound phenylalanine enrichment between two
sequential biopsies, t is the time interval between the two sequential biopsies, and EM(1) and
EM(2) are the phenylalanine enrichments (tracer/tracee ratio) in the free muscle pool in the
two subsequent biopsies. The results are presented as the percentage per hour.

Glucose delivery to the leg, release from the leg, and uptake across the leg were calculated
as follows: glucose delivery = GA × BF (Eq X), glucose release = GV × BF (Eq XI), and
glucose uptake = (GA − GV) × BF (Eq XII). GA and GV are the blood glucose
concentrations in the femoral artery and vein, respectively.

The whole body glucose rate of appearance (Ra) was calculated using the single pool model
as follows (26): glucose Ra = I/EA (Eq XIII). EA the arterial glucose enrichment, and I is the
tracer infusion rate. During the intake of the oral amino acid-glucose mixture, the above
formula represented the total glucose Ra, i.e. endogenous plus exogenous glucose Ra.
Therefore, during oral glucose intake endogenous glucose Ra was calculated by subtracting
the oral glucose administration rate from the total Ra, assuming that all of the oral glucose
was absorbed: endogenous glucose Ra = total glucose Ra − oral glucose intake (Eq IV).

Statistical analysis
The effect of age on the response variables in the fasting state and during infusion of the
amino acid-glucose mixture was analyzed using two-way ANOVA with repeated measures.
Post-hoc pairwise multiple comparisons were carried out when appropriate using the t test
modified with Bonferroni’s correction. Differences were considered significant at P < 0.05.
Data are presented as the mean ± SE.

Results
Leg and muscle volume

Total leg volume was slightly, but not significantly, lower in the elderly (young, 10.17 ±
0.45; elderly, 9.16 ± 0.58 L; P = 0.21). Similarly, leg muscle volume was slightly, but not
significantly, lower in the elderly (n = 5) compared with the young (n = 4, one volunteer did
not undergo the measurement) using total volume (young, 5.6 ± 0.9; elderly, 4.5 ± 0.5 L; P =
0.34), percent leg volume (young, 48 ± 5%; elderly, 45 ± 4%; P = 0.60), or muscle volume
corrected by the squared height to obtain a leg muscle index (young, 1.86 ± 0.25; elderly,
1.52 ± 0.1 L/m2; P = 0.29).

Blood flow
Leg blood flow was similar in young and elderly in the basal state [young, 3.38 ± 0.49;
elderly, 3.82 ± 0.58 mL/(min·100 mL leg)]. During amino acid-glucose intake, leg blood
flow slightly increased in the young, whereas it decreased in the elderly [young, 4.31 ± 0.79;
elderly, 2.99 ± 0.54 mL/(min·100 mL leg)], with a significant treatment by group interaction
(P = 0.0178).
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Hormones
Arterial insulin concentrations were similar in young and elderly in the basal state, and
increased significantly during amino acid-glucose intake (P < 0.0001, basal vs. amino acid-
glucose mixture) with no differences between the groups (Table 1). Arterial hGH
concentrations were slightly, but not significantly, lower in the elderly compared with those
in the young during the basal period, and did not change significantly during administration
of oral amino acids with glucose, although there was a trend in the young for a reduction in
hGH concentrations with amino acid-glucose intake (P = 0.076) (Table 1). IGF-I
concentrations were higher (P = 0.003) in the young than in the elderly both in the basal
state and during administration of oral amino acids with glucose (Table 1). However, amino
acid-glucose intake did not exert any effect on plasma IGF-I in either age group.

Amino acid concentrations and enrichments
Arterial essential amino acid concentrations were similar in the basal state in young and
elderly and increased significantly and similarly in both groups during amino acid-glucose
intake with the exception of tryptophan, which increased significantly only in the elderly,
not in the young (Table 2). Nonessential amino acid concentrations were similar in the
elderly and the young in the basal state with the exception of serine, which was lower in the
elderly. The administration of oral amino acids with glucose significantly increased the
concentrations of all nonessential amino acids except tyrosine, which did not change in
either group. The increase in the concentrations of asparagine, histidine, and serine were
blunted in the elderly (Table 2). Free phenylalanine concentrations in the femoral artery and
vein were at steady state during the last hour of each study period (data not shown).
Phenylalanine concentrations in the femoral artery and vein and in the muscle tissue fluid
were similar in the basal postabsorptive state in young and elderly (Table 3). During amino
acid-glucose intake, the concentrations of free phenylalanine in the femoral artery and vein
and in the muscle intracellular fluid significantly increased from the fasting values, with no
differences between young and elderly. Plasma phenylalanine enrichments in the femoral
artery and vein were at steady state during the last hour of the basal and amino acid-glucose
periods in both groups (Fig. 2). In the basal state, phenylalanine enrichments in the femoral
artery and vein were similar in the young and the elderly (Table 3). During amino acid-
glucose intake, phenylalanine enrichments decreased significantly in the femoral artery and
vein. Tissue fluid enrichment (Table 3) was higher in the elderly in the basal state and
decreased significantly during amino acid-glucose intake only in the elderly, with a
significant treatment by group interaction (P = 0.0373).

Muscle protein FSR
Mixed muscle protein FSR was similar in the basal state in young and elderly (young,
0.0598 ± 0.0087%/h; elderly, 0.0601 ± 0.0110%/h). The amino acid-glucose mixture caused
a significant increase in mixed muscle protein FSR only in the young (P = 0.029, basal vs.
amino acid-glucose mixture), whereas there was no change in the elderly (young, 0.0857 ±
0.0119%/h; elderly, 0.0476 ± 0.0153%/h; P = 0.0241, treatment by group interaction; Fig.
3).

Amino acid kinetics across the leg
The model-derived parameters of leg muscle free phenylalanine kinetics in the young and
the elderly in the basal period (240–300 min) and during amino acid-glucose intake (420–
480 min) are reported in Table 4. In the basal state, all of the model-derived parameters of
free phenylalanine kinetics were similar in young and elderly. Amino acid-glucose intake
significantly increased phenylalanine delivery to the leg and its release from the leg as well
as phenylalanine transport into and from the muscle cells, with no differences between
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young and elderly. The rate at which phenylalanine was shunted from the artery to the vein
did not change significantly in either young or elderly subjects. Muscle protein breakdown
decreased significantly during amino acid-glucose intake in both groups. The tissue
phenylalanine rate of appearance, calculated as the sum of inward transport and protein
breakdown, was similar in the basal state [young, 172 ± 24; elderly, 209 ± 17 nmol/(min·100
mL/leg)] and increased (P = 0.019) similarly in the elderly and the young [young, 306 ± 52;
elderly, 278 ± 58 nmol/(min·100 mL/leg)]. The rate of utilization of phenylalanine for
protein synthesis increased significantly during amino acid-glucose intake only in the young,
whereas there was no change in the elderly. This result was consistent with the FSR data.
Phenylalanine net balance across the leg, which was negative in the fasting state, became
positive during the intake of the amino acid-glucose mixture in both groups, indicating a
shift from net protein breakdown to net protein synthesis. However, such an increase was
blunted in the elderly.

Glucose concentrations, enrichments, and turnover
Blood glucose enrichments (Fig. 2) and concentrations (data not shown) were at steady state
during the sampling hour of the basal and the amino acid-glucose study periods. The results
of glucose kinetics are reported in Table 5. Whole body glucose Ra, glucose delivery to the
leg and release from the leg, and leg glucose uptake were similar in the basal state in the
young and the elderly and increased significantly and similarly during amino acid-glucose
intake. Endogenous glucose production decreased significantly and similarly in both young
and elderly.

Discussion
Our data show that muscle protein anabolism is blunted in healthy elderly subjects during
the intake of an amino acid-glucose mixture due to an impaired response of muscle protein
synthesis. Such an alteration in protein kinetics was isolated, as the responses of both
endogenous insulin and glucose kinetics to the amino acid-glucose mixture were similar in
elderly and young.

In the young, we observed an increase in muscle protein anabolism in response to amino
acid-glucose intake as indicated by the shift of phenylalanine net balance across the leg from
a negative value, indicating net catabolism, to a positive value. The improvement in net
balance was due to both increased protein synthesis and decreased protein breakdown. The
results of protein synthesis are consistent with previous data from young subjects showing
that hyperinsulinemia during hyperaminoacidemia stimulates muscle protein synthesis (27).
As recent studies have shown that muscle protein breakdown is not decreased by the
administration of amino acids alone in either the young or the elderly (13, 14, 28), the
reduction of muscle protein breakdown observed in the present study was probably caused
by the glucose-induced hyperinsulinemia. The effect of insulin on muscle protein
breakdown is still controversial; some of the studies show a reduction and others show no
effect (reviewed in Ref. 15). It is possible that amino acid availability and/or the
physiological conditions during the experiments play an important role in determining the
response to insulin. Further investigations are required to clarify this issue.

In the elderly, the shift of net balance from negative to positive in response to amino acids
with glucose was significantly blunted compared with that in the young controls. We
considered the possibility that the apparent difference in net balance between elderly and
young was due to the presentation of the data per unit of total leg volume. If the elderly had
a reduced muscle volume relative to the total leg volume, the net balance per unit of total leg
volume would be underestimated. Although we could not present our data per unit of muscle
volume due to the fact that one volunteer could not undergo the leg MRI, we are convinced
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that this was not the case. In fact, the older volunteers in our study not only had a smaller
muscle volume, but also had a smaller total leg volume, so that the muscle volume relative
to the total leg volume was not different between elderly and young (45% vs. 48%). In
addition, changes in leg volume would linearly affect the values for both basal and amino
acid-glucose periods, so that the magnitude of the response to the amino acid-glucose
stimulus (i.e. the change over basal) would not be influenced.

The difference in muscle protein anabolism between elderly and young subjects was due to a
lack of responsiveness of muscle protein synthesis (FSR and three-pool model) to the amino
acid-glucose stimulus in the elderly. Thus, the net balance shift to a positive value during
amino acid-glucose intake in the elderly was entirely due to a reduction in protein
breakdown. These findings are surprising if we consider that we have shown in previous
experiments that amino acids alone stimulate net muscle protein anabolism in the elderly, as
in the young, by increasing protein synthesis in the absence of effects on breakdown (13,
14). One of the previous studies was performed by administering the same dose of amino
acids given in the present experiment to comparable groups of young and elderly volunteers
(14). This gave us the opportunity to compare the general effects of amino acids with
glucose vs. amino acids alone on net muscle protein anabolism in young and elderly (Fig. 4).
Whereas glucose increased the positive effect of amino acids in the young, phenylalanine
net balance was slightly, but not significantly, higher during amino acid-glucose treatment
compared with amino acid treatment alone in the elderly. Overall, these results suggest that
whereas in young adults the addition of glucose to an amino acid mixture augments the
effect of amino acids alone in stimulating muscle protein anabolism, such a combination in
the elderly does not add a real benefit compared with that of amino acids alone. In fact, the
addition of carbohydrate may even be detrimental, as the added carbohydrate reduces
protein turnover by inhibiting protein breakdown and preventing the stimulatory effect of
amino acids on protein synthesis, thereby reducing muscle tissue remodeling.

Such an alteration in the response of muscle protein synthesis to amino acids with glucose in
the elderly was not due to reduced amino acid availability. The arterial concentrations of
essential amino acids were similar in the elderly and the young during the basal state and
during the oral intake of amino acids with glucose, with the exception of tryptophan, which
was higher in the elderly. These findings allow us to exclude any possible role for
differences in gastric emptying and/or splanchnic amino acid utilization, because if gastric
emptying was reduced or splanchnic utilization was higher in the elderly, we should have
observed a blunted response of arterial essential amino acid concentrations. In addition, the
phenylalanine rate of appearance in muscle tissue, which is a measure of tissue amino acid
availability, increased similarly in both age groups. The arterial concentrations of a few
nonessential amino acids were lower in the elderly than in the young during amino acid-
glucose treatment. However, recent data indicate that nonessential amino acids are not
necessary to stimulate muscle protein anabolism (29), suggesting that alterations in
nonessential amino acid metabolism should not affect muscle protein turnover.

Glucose per se is an unlikely candidate for the observed negative effect of amino acid-
glucose on muscle protein synthesis in the elderly. If anything, the extra calories provided
by glucose should have improved, not limited, the response of muscle protein synthesis.

As a direct effect of the administered substrates or differences in substrate availability could
be safely excluded, we analyzed the possible role of the endogenous hormonal response on
the surprisingly different response of muscle protein synthesis in the elderly.

Previous studies have shown that acute GH administration may (30, 31) or may not (32, 33)
stimulate muscle protein synthesis. GH secretion is physiologically increased by amino
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acids and decreased by glucose administration, and it is generally reduced in older people
(34). Assuming that GH directly stimulates muscle protein synthesis, a bigger suppression of
GH secretion in the elderly compared with the young could have explained the differences
in muscle protein synthesis between the two groups. However, we found that there was a
trend for GH concentration to decrease during amino acid-glucose intake only in the young,
whereas GH concentrations did not change from basal in the elderly.

On the other hand, consistent with previous data (35), we found that the IGF-I concentration
was lower in the elderly than in the young. However, the IGF-I concentration did not change
during amino acid-glucose intake in either the elderly or the young. If IGF-I had a role in the
alteration of muscle protein synthesis during amino acid-glucose intake, we should have also
observed differences in muscle protein synthesis both in the basal state and during the
administration of amino acids alone (13, 14). This was not the case.

Thus, we hypothesize that the defect responsible for the age-related impairment of muscle
protein synthesis during the intake of amino acids with glucose is due to an alteration in the
response of muscle protein synthesis to the glucose-induced endogenous hyperinsulinemia.
The finding that leg blood flow was reduced in the elderly during amino acid-glucose
treatment is suggestive of an impaired response to insulin in the elderly, because normally
insulin increases muscle blood flow (36-38). In fact, the altered response of blood flow
observed in the present study is consistent with previous studies that found a paradoxical
reduction of peripheral blood flow in the elderly during insulin infusion (39), as opposed to
the vasodilatation observed in young adults (36-38). This may reflect a general response of
insulin resistance, because previous studies have reported a similar alteration in the response
of blood flow to insulin in type 2 diabetes patients (40, 41). Nonetheless, the impairment of
the response of muscle protein synthesis to the intake of amino acids with glucose with
aging is surprising, because the elderly volunteers in our study had normal glucose tolerance
and insulin concentrations. In addition, whole body glucose turnover was similar in elderly
and young subjects both in the basal state and during amino acid-glucose treatment, and
muscle glucose uptake during the intake of amino acid-glucose was not different when
comparing the elderly and the young subjects. This raises the possibility that a defect in the
anabolic effect of insulin on muscle protein metabolism can develop in elderly individuals
who retain the normal or quasi-normal responsiveness of muscle to the stimulatory effect of
insulin on glucose uptake. This dichotomy is most likely due to the fact that glucose and
protein metabolism are controlled by insulin through distinct intracellular signaling
pathways, which can be independently affected by insulin resistance. This hypothesis is
indirectly supported by a recent study showing that in conditions characterized by impaired
glucose metabolism (obesity and type 2 diabetes) the signaling pathway affected by insulin
resistance is the one controlling glucose metabolism (phosphatidylinositol 3-kinase),
whereas the mitogen-activated protein kinase pathway, which is linked to cell growth and
gene expression, appears to be normally responsive to insulin (42). As both insulin and
amino acids stimulate protein synthesis using in part the same intracellular signaling
pathways, specifically those that lead to the phosphorylation of the eukaryotic initiation
factor 4E-binding protein-1 (43-47), it is possible that an age-related alteration in the
responsiveness to insulin of one or more of these factors or enzymes may lead to the
inhibition of the positive effects of amino acids on muscle protein synthesis. This
speculation needs to be addressed in future studies.

Consistent with our previous data (14), basal protein turnover was similar in the elderly and
the young. Several researchers have reported an age-related reduction in total muscle (48),
myofibrillar (11, 49, 50), or myosin heavy chain (51) protein synthesis rates, whereas others
(52) and our laboratory (Ref. 14 and the present study) did not find any difference. As
previously mentioned (14), the amount of daily physical activity performed by the
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volunteers might have played a role in the apparent discrepancy between our results and
those previously reported. However, our elderly subjects were neither remarkably fit nor
exercising regularly, and they had a slightly reduced muscle mass. Nonetheless, it is possible
that undetectable differences in the activities of daily living might have been responsible for
the discrepancies between our results and those in the literature. Modeling issues can be
ruled out, because all of the studies used the same methodology, i.e. the tracer incorporation
technique (FSR). In addition, in our studies the lack of a difference between young and
elderly subjects in muscle protein synthesis rate was observed using either the three-pool
model or the traditional labeled amino acid incorporation technique.

The lack of a difference in basal muscle protein synthesis between elderly and young
subjects makes the results of the present study even more striking, suggesting that an altered
response of muscle proteins to the combination of amino acids and glucose, with associated
hyperinsulinemia, may be one of the mechanisms by which muscle mass is lost with aging,
regardless of physical activity. Our results may also provide an explanation for the recent
observation that protein requirements may increase with age (8, 9). Essential amino acids are
physiologically replenished during the ingestion of proteins, usually occurring in the context
of the ingestion of a meal containing carbohydrates. It is reasonable to assume that a
diminished response of muscle amino acid utilization similar to that observed in this study
occurs during a regular meal. If so, the lack of stimulation of muscle protein in response to a
meal will probably contribute over the long term to a progressive loss of muscle.
Consequently, due to the diminished effectiveness of the amino acids absorbed after the
ingestion of proteins eaten in the context of a mixed meal, additional protein intake is
needed to achieve a protein balance. This explanation raises the question of the fate of the
absorbed amino acids that are not incorporated into proteins. It is possible that these amino
acids are oxidized, and the carbons excreted as CO2. In addition, the carbons from these
amino acids could be routed through the lipogenic and/or gluconeogenic pathways. Indirect
evidence supporting the utilization of dietary amino acids for fat synthesis when given in
combination with carbohydrate comes from the study by Fiatarone et al. (7). They found
that whereas mixed multinutritional supplements failed to increase muscle mass when given
alone or in combination with exercise training (7), body weight nonetheless increased,
suggesting that fat mass increased with the multinutrient supplement.

In conclusion, the results of this study show that muscle protein anabolism, but not glucose
turnover, is impaired in healthy elderly volunteers during combined hyperaminoacidemia
and endogenous hyperinsulinemia after the ingestion of amino acids with glucose due to the
unresponsiveness of protein synthesis. This alteration is likely to contribute to the
development, over the long term, of sarcopenia in the elderly.
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Fig. 1.
Study design. See text for details.
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Fig. 2.
Phenylalanine and glucose enrichments. Time course of phenylalanine and glucose
enrichments in the femoral artery and vein in healthy young (30 ± 3 yr) and elderly (72 ± 1
yr) subjects in the basal state (270–300 min) and during the intake of an amino acid-glucose
mixture (450–480 min). The enrichments were given at steady state during both sampling
periods. Values are the mean ± SE.
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Fig. 3.
Muscle protein synthesis. The FSR of muscle proteins in healthy young (30 ± 3 yr) and
elderly (72 ± 1 yr) subjects in the basal state and during the intake of an amino acid-glucose
mixture. Values are the mean ± SE. *, P < 0.01 vs. basal; §, P < 0.05 vs. young.
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Fig. 4.
Comparison of the effects of the amino acid-glucose supplement (present study) vs. the same
amount of amino acids alone (14) on muscle protein anabolism in young and elderly
subjects. Muscle protein anabolism was measured as phenylalanine net balance across the
leg in two comparable groups of young (present study: n = 5, 30 ± 3 yr; from Ref. 14: n = 7,
30 ± 2 yr) and elderly subjects (present study: n = 5, 72 ± 1 yr; from Ref. 14, n = 8, 71 ± 2
yr) in the basal state, and during the oral intake of the same amount of a mixed amino acid
supplement with or without glucose. Phenylalanine net balance across the leg increased
significantly during oral supplementation in all groups. However, compared with amino
acids alone the addition of glucose to the supplement induced a significantly higher response
in the young, whereas it did not add any benefit in the elderly. Values are the mean ± SE. *,
P < 0.01 vs. basal; §, P < 0.05 vs. others.

VOLPI et al. Page 17

J Clin Endocrinol Metab. Author manuscript; available in PMC 2011 October 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

VOLPI et al. Page 18

TA
B

LE
 1

Pl
as

m
a 

ar
te

ria
l c

on
ce

nt
ra

tio
ns

 o
f i

ns
ul

in
, h

G
H

, a
nd

 IG
F-

I

Y
ou

ng
E

ld
er

ly
A

N
O

V
A

 (P
 v

al
ue

)

B
as

al
A

m
in

o 
ac

id
s w

ith
 g

lu
co

se
B

as
al

A
m

in
o 

ac
id

s w
ith

 g
lu

co
se

E
ffe

ct
 o

f a
ge

E
ffe

ct
 o

f m
ix

tu
re

In
te

ra
ct

io
n

In
su

lin
 (p

m
ol

/L
)

38
 ±

 4
19

6 
± 

25
20

 ±
 2

15
4 

± 
18

0.
08

4
<0

.0
00

1
0.

47

hG
H

 (μ
g/

L)
2.

04
 ±

 1
.3

2
0.

13
 ±

 0
.0

4a
0.

60
 ±

 0
.1

6
0.

74
 ±

 0
.2

2
0.

56
0.

22
0.

16

IG
F-

I (
μg

/L
)

16
7 

± 
12

18
0 

± 
22

96
 ±

 7
94

 ±
 6

0.
00

3
0.

73
0.

23

A
rte

ria
l i

ns
ul

in
, h

G
H

, a
nd

 IG
F-

I c
on

ce
nt

ra
tio

ns
 in

 n
or

m
al

 y
ou

ng
 a

nd
 e

ld
er

ly
 in

di
vi

du
al

s i
n 

th
e 

ba
sa

l s
ta

te
 a

nd
 d

ur
in

g 
th

e 
in

ta
ke

 o
f a

n 
am

in
o 

ac
id

-g
lu

co
se

 m
ix

tu
re

. D
at

a 
ar

e 
th

e 
m

ea
ns

 ±
 S

E.

a P 
= 

0.
07

6 
vs

. y
ou

ng
 b

as
al

.

J Clin Endocrinol Metab. Author manuscript; available in PMC 2011 October 13.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

VOLPI et al. Page 19

TABLE 2

Arterial amino acid concentrations

Young Elderly

Basal Amino acids with glucose Basal Amino acids with glucose

Essential amino acids (μmol/L)

 Isoleucine 40 ± 3 105 ± 10a 40 ± 2 104 ± 6a

 Leucine 167 ± 21 452 ± 65a 131 ± 12 347 ± 46a

 Lysine 172 ± 15 366 ± 29a 166 ± 15 301 ± 18a

 Methionine 8 ± 1 19 ± 2a 9 ± 1 20 ± 3a

 Phenylalanine 60 ± 2 133 ± 8a 66 ± 2 138 ± 9a

 Threonine 94 ± 10 177 ± 19a 54 ± 7 141 ± 23a

 Tryptophan 37 ± 2 54 ± 3 47 ± 7 101 ± 5a

 Valine 124 ± 6 210 ± 38a 119 ± 9 237 ± 26a

Nonessential amino acids (μmol/L)

 Alanine 303 ± 29 415 ± 27a 246 ± 36 391 ± 34a

 Arginine 109 ± 15 262 ± 37a 124 ± 7 203 ± 17a

 Asparagine 16 ± 2 79 ± 12a 18 ± 2 49 ± 8a,c

 Aspartate 19 ± 2 30 ± 4a 26 ± 2 32 ± 3a

 Glutamine 596 ± 60 684 ± 65a 611 ± 43 677 ± 53a

 Glycine 412 ± 41 556 ± 42a 289 ± 18 475 ± 142a

 Histidine 68 ± 6 117 ± 9a 56 ± 1 80 ± 6a,c

 Serine 124 ± 8 178 ± 17a 66 ± 7b 93 ± 16a,b

 Tyrosine 36 ± 4 47 ± 6 43 ± 4 48 ± 4

Arterial amino acid concentrations in normal young and elderly individuals in the basal state and during the intake of an amino acid-glucose
mixture. Data are the means ± SEM.

a
P < 0.05 vs. basal.

b
P < 0.01 vs. young.

c
P < 0.02 vs. young within amino acids with glucose.
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