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ABSTRACT
Background: It has been reported that the blunted muscle protein
synthetic response to food intake in the elderly can be normalized
by increasing the leucine content of a meal.
Objective: The objective was to assess the effect of 3 mo of leucine
supplementation on muscle mass and strength in healthy elderly
men.
Design: Thirty healthy elderly men with a mean (6SEM) age of 71 6

4 y and body mass index (BMI; in kg/m2) of 26.1 6 0.5 were randomly
assigned to either a placebo-supplemented (n ¼ 15) or leucine-
supplemented (n¼ 15) group. Leucine or placebo (2.5 g) was admin-
istered with each main meal during a 3-mo intervention period.
Whole-body insulin sensitivity, muscle strength (one-repetition
maximum), muscle mass (measured by computed tomography and
dual-energy X-ray absorptiometry), myosin heavy chain isoform dis-
tribution, and plasma amino acid and lipid profiles were assessed
before, during, and/or after the intervention period.
Results: No changes in skeletal muscle mass or strength were ob-
served over time in either the leucine- or placebo-supplemented
group. No improvements in indexes of whole-body insulin sensitivity
(oral glucose insulin sensitivity index and the homeostasis model
assessment of insulin resistance), blood glycated hemoglobin content,
or the plasma lipid profile were observed.
Conclusion: Long-term leucine supplementation (7.5 g/d) does not
augment skeletal muscle mass or strength and does not improve gly-
cemic control or the blood lipid profile in healthy elderly men. This
trial was registered at clinicaltrials.gov as NCT00807508. Am J
Clin Nutr 2009;89:1468–75.

INTRODUCTION

The process of age-related loss of muscle mass and function, or
sarcopenia, is accompanied by a reduction in physical perfor-
mance, the loss of functional capacity, and an increased likeli-
hood of developing chronic metabolic diseases such as obesity
and type 2 diabetes (1, 2). It has been suggested that a disruption
in the regulation of muscle protein turnover is one of the major
causes of sarcopenia (3, 4). Aging has been associated with
a decline in basal mixed muscle and/or myosin heavy chain
(MHC) protein synthesis rates in some (3, 5–7) but not in all (4,
8–10) studies. Furthermore, it has been speculated that the el-
derly are less sensitive to the major muscle protein anabolic
stimuli, such as food intake and/or physical activity. In accor-
dance, more recent work suggests that the elderly show a blun-

ted muscle protein synthetic response to dietary protein intake
(4, 11, 12).

Recent studies have shown that the attenuated muscle protein
synthetic response to food intake in the elderly can be compen-
sated for by increasing the leucine content of a meal (12, 13). In
a recent study, Katsanos et al (12) report a greater muscle protein
synthetic response after the ingestion of 6.7 g essential amino
acids in young than in elderly subjects. However, when the leucine
content of this essential amino acid mixture was increased from
26% to 41%, the elderly had a muscle protein synthetic response
similar to that of the young. The authors concluded that increasing
the leucine content of a meal reverses the blunted muscle protein
synthetic response to amino acid or protein intake in the elderly.
The latter was confirmed by Rieu et al (13), who reported sub-
stantially higher muscle protein synthesis rates after the ingestion
of leucine-enriched food by elderly men. The proposals that
leucine inhibits muscle protein breakdown (14, 15) and/or stim-
ulates postprandial muscle protein synthesis has been attributed to
its capacity to stimulate mRNA translation initiation via insulin-
dependent and independent pathways (16).

The recent in vivo human data (12, 13) suggest that leucine
supplementation with each main meal represents an effective
nutritional strategy to augment skeletal muscle mass and/or
function in the elderly. However, human intervention studies on
the clinical benefits of prolonged leucine supplementation in the
elderly are lacking. The present study investigated the effect of
3 mo of leucine supplementation with each main meal (7.5 g/d)
on skeletal muscle mass and strength and on glycemic control
in healthy elderly men.
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SUBJECTS AND METHODS

Subjects

A total of 30 healthy elderly men (71 6 4 y) were selected to
participate in a 12-wk nutritional intervention program. The
medical history of all subjects was evaluated, and an oral-glucose-
tolerance test and resting electrocardiogram were performed.
Exclusion criteria included (silent) cardiac or peripheral vascular
disease, orthopedic limitations, and/or type 2 diabetes (17). All
subjects were living independently and had not participated in any
intervention program for�5 y. Medication use was limited to mild
antihypertensive drugs. After being selected, the subjects were
randomly assigned to either a leucine- or a placebo-supplemented
group. One subject in the placebo group dropped out of the study
because of hospitalization after an injury. The characteristics of
the subjects are provided in Table 1. All subjects were informed
about the nature and possible risks of the experimental procedures
before their written informed consent was obtained. The study
conformed to the principles of the Declaration of Helsinki and was
approved by the local Medical Ethical.

Study design

Subjects were supplemented with either 2.5 g leucine or a pla-
cebo with each main meal (breakfast, lunch, and dinner) during a
12-wk intervention period. Before, during, and after the nutritional
intervention, anthropometric measurements (height, body weight,
leg volume (18)), strength assessment (one repetition maximum;
1RM), computed tomography (CT), and dual-energy X-ray ab-
sorptiometry (DXA) were performed and muscle biopsies, blood
samples, and records of dietary intakes were collected.

Diet and physical activity before testing

Standardized meals were provided to all subjects the evening
before each test day (44 kJ/kg; 60% of energy from carbohydrate,
28% of energy from fat, and 12% of energy from protein). The
subjects were instructed to refrain from strenuous physical ac-
tivity for �3 d before testing began. Dietary intake was recorded
for 2 d before muscle biopsy and blood sample collection to
standardize food intake before muscle biopsy and blood sampling
during the postintervention measurements. To assess potential
changes in daily food intake during the intervention period, the
subjects recorded 3-d weighted dietary intake records (Thursday
through Saturday) before the onset of the intervention program
and in week 11 of the intervention. Dietary records were analyzed
with Eetmeter Software (version 1.4.0; Voedingscentrum, The

Hague, Netherlands). On all test days, the subjects arrived at the
laboratory by car or public transportation after fasting overnight.

Supplementation

The subjects were studied over a 12-wk period during which
they were supplemented with either 7.5 g/d leucine (Ajinomoto,
Tokyo Japan) or a placebo (wheat flour; Verstegen, Rotterdam,
Netherlands). The subjects were provided the supplements in
a double-blinded manner and ingested 5 capsules (500 mg) with
each main meal (breakfast, lunch, and dinner). The different
capsules could not be distinguished by scent, color, or taste.

Strength

Maximal strength was assessed by 1RM strength tests on
leg-press and leg-extension machines (Technogym, Rotterdam,
Netherlands). During a familiarization trial, the proper lifting
technique was demonstrated and practiced, after which maximum
strength was estimated by using the multiple repetitions testing
procedure (19). In an additional session, �1 wk before muscle
biopsy collection, each subject’s 1RM was determined as de-
scribed previously (20). The 1RM test was repeated after cessation
of the intervention program.

CT scan

The anatomical cross-sectional area of the quadriceps muscle
was measured with a 16-slice CT scanner (IDT 8000; Philips
Medical Systems, Best, Netherlands) before and after cessation
of the intervention period. While the subjects lay supine with
their legs extended and their feet secured, a 3-mm thick axial
image (scanning characteristics: 120 kV, 300 mA, 0.75-s rotation
time, and 500-mm field of view) was taken midway between the
anterior superior iliac spine and the bottom of the patella. The CV
for repeated scans was 0.6%. Images were loaded onto a personal
computer by using AGFA IMPAX imaging software (version 5.2;
AGFA Health Care, Brussels, Belgium). The muscle area of the
right leg was selected between 229 and 150 Hounsfield units
(21), after which the quadriceps muscle was selected by manual
tracing. The quadriceps area was calculated by using Lucia 4.81
software (Nikon Instruments Europe, Badhoevedorp, Nether-
lands). All analyses were performed by 2 investigators blinded
to subject coding; intraclass correlation coefficients for inter- and
intrainvestigator reliability were 0.997 and 0.998, respectively.

DXA scan

Directly after CT was performed, body composition and bone
mineral content were measured with DXA (Lunar Prodigy Ad-
vance; GE Health Care, Madison, WI). Whole-body and regional
lean mass, fat mass, and bone mineral content were determined by
using the system’s software package enCORE 2005 (version
9.15.00).

Blood samples

Before and after 2, 4, 8, and 12 wk of intervention, fasting
blood samples were collected to determine basal plasma glucose
and insulin concentrations, plasma amino acid and lipid profiles,
serum creatinine, and blood glycated hemoglobin (Hb A1c)

TABLE 1

Characteristics of the subjects1

Placebo (n ¼ 14) Leucine (n ¼ 15)

Body weight (kg) 78.1 6 2.4 77.6 6 2.3

Height (m) 1.72 6 0.01 1.73 6 0.01

BMI (kg/m2) 26.3 6 0.6 25.9 6 0.6

Plasma glucose (mmol/L) 5.54 6 0.11 5.68 6 0.18

Hb A1c (%) 5.9 6 0.1 5.8 6 0.1

HOMA-IR 1.5 6 0.2 1.7 6 0.2

1 All values are means 6 SEMs. Hb A1c, glycated hemoglobin; HOMA-

IR, homeostasis model assessment of insulin resistance. Data were analyzed

by using an independent-sample t tests. No significant differences were

observed between groups.
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content. Blood (10 mL) was collected into EDTA-containing and
serum tubes and immediately centrifuged at 1000 3 g for 10 min
at 4�C (plasma) or 15 min at 18�C (serum). Aliquots of plasma or
serum were immediately frozen in liquid nitrogen and stored at
280�C until further analysis. Plasma glucose concentrations were
analyzed with a COBAS FARA semiautomatic analyzer (Uni Kit
III; Roche, Basel, Switzerland). Plasma insulin concentrations
were determined by using an Insulin RIA Kit (LINCO Research
Inc, St Charles, MO). For the amino acid analyses, plasma was
deproteinized on ice with 100 lL 24% (wt:vol) 5-sulfosalicylic
acid and mixed, and the clear supernatant fluid was collected after
centrifugation. Plasma amino acid concentrations were analyzed
with a dedicated amino acid analyzer (LCA10; Shimadzu Bene-
lux, Den Bosch, Netherlands) by using an automated precolumn
derivatization procedure and a ternary solvent system. The re-
agents used to determine plasma triglycerides, total cholesterol,
and HDL cholesterol were from ABX Diagnostics (Montpellier,
France). Plasma free fatty acid concentrations were analyzed with
the NEFA C test kit from Wako Chemicals (Neuss, Germany).
Because plasma triacylglycerol concentrations were ,4.5 mmol/L,
plasma LDL cholesterol could be calculated as LDL cholesterol¼
total cholesterol 2 HDL cholesterol – triacylglycerol/2.2 (in
mmol/L). Serum creatinine concentrations were measured by
using the Jaffe rate method on a Synchron LX Systems analyzer
(Beckmann Coulter Inc, Fullerton, CA). To determine the blood
Hb A1c content, 3 mL blood was collected into EDTA-containing
tubes and analyzed by HPLC (Variant II 4; Bio-Rad, Munich,
Germany).

Whole-body insulin sensitivity

Whole-body insulin sensitivity and/or the oral glucose tolerance
were assessed on the basis of fasting blood glucose and insulin
concentrations by using the homeostasis model assessment of
insulin resistance (HOMA-IR) (22). Furthermore, the oral glucose
insulin sensitivity index (OGIS) was calculated from the data
derived in the oral-glucose-tolerance test (17).

Muscle biopsies

Three days before the onset of nutritional intervention and 4 d
after the postintervention strength assessment, percutaneous
needle biopsy samples (50–80 mg) were collected from the right
vastus lateralis muscle of each subject in the morning after an
overnight fast. Any visible nonmuscle tissue was immediately
removed from the biopsy samples, after which the muscle biopsy
samples were frozen in liquid nitrogen and stored at 280�C until
further analyses.

Muscle tissue analyses

Muscle tissue samples were analyzed for the expression of the
different MHC isoforms (I, IIa, and IIx). A 5% muscle homoge-
nate was prepared by dispersion (Polytron, Lucerne, Switzerland)
in 250 mmol/L sucrose, 2 mmol/L EDTA, and 10 mmol/L tris
(hydroxymethyl) aminomethane (pH 7.4) for 1 min. The homo-
genateswerecentrifugedfor10minat10,0003gat4�C.Thepellet
was resuspended in 3 volumes of ice-cold extraction buffer (100
mmol/L Na4O7P2 �10 H2O (pH 8.5), 5 mmol/L EDTA, and
1 mmol/L dithiothreitol), incubated on ice for 30 min and
centrifuged for 10 min at 10,000 3 g at 4�C. The supernatant fluid

was used for MHC isoform analysis. Electrophoresis gels were run
for 22 h by using a Protean II xi Cell system (Bio-Rad, Vee-
nendaal, Netherlands) at 10 mA, with voltage increasing to
a maximum of 350 V. Approximately 0.3 lg protein was loaded
per lane. The gels were silver-stained, scanned, and photographed
with a scanning densitometer (Fluor-S Multimager; Bio-Rad),
after which the protein bands were quantified by using Quantity
software (Bio-Rad). The contents of type I, IIa, and IIx MHC
isoforms were expressed relative to the total content (23).

Statistics

Data are expressed as means 6 SEMs. Baseline characteristics
between groups were compared by means of an independent-
samples t test. Data from before and after the intervention were
analyzed by using repeated-measures analysis of variance with
time as a within-subjects factor and treatment as a between-
subjects factor. Statistical significance was set at P , 0.05. All
calculations were performed by using the Statistical Package for
the Social Sciences 15.0 (SPSS Inc, Chicago, IL).

RESULTS

Subjects

Characteristics of the subjects before the intervention are
provided in Table 1. A total of 29 subjects completed the in-
tervention program (n ¼ 15 in the leucine group; n ¼ 14 in the
placebo group). No differences were observed between groups
before the intervention. The subjects had normal glucose toler-
ance and blood Hb A1c concentrations.

Diet

Energy intake and macronutrient composition, calculated from
the dietary intake records, did not differ between groups at
baseline and did not change over time during the experimental
period. The average daily energy intake was 8.2 MJ/d, consisting
of 51 6 1% of energy from carbohydrate, 32 6 1% of energy
from fat, and 17 6 1% of energy from protein. The average daily
protein intakes before the supplementation period were 0.99 6

0.07 and 0.99 6 0.04 g/kg body wt in the leucine and placebo
groups, respectively. No differences were observed between
groups after the supplementation period (0.97 6 0.07 and 1.01 6

0.05, respectively; P ¼ 0.7). Leucine supplementation did not
result in changes in daily energy intake or in the macronutrient
composition of the diet.

Muscle strength

At baseline, 1RM for leg press and leg extension did not differ
between groups (170 6 8 compared with 172 6 6 kg and 85 6 3
compared with 85 6 3 kg in the leucine and placebo groups,
respectively). No changes in 1RM leg press or leg extension were
observed over time during the 12-wk intervention period. No
significant differences were observed between groups.

Body composition

Whole-body and leg fat mass and fat-free mass (by DXA) and
leg volume and upper leg muscle cross-sectional area (by CT) did
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not differ between groups before the intervention (Table 2). No
changes in body composition or muscle mass were observed over
time, and no significant differences were observed between
groups.

Glycemic control

Measures of glycemic control are presented in Table 3. At
baseline, no differences in whole-body insulin sensitivity and/or
in oral glucose tolerance were observed between groups. Basal
glucose and insulin concentrations, the HOMA-IR index, blood
Hb A1c concentrations, and OGIS did not change over time. No
significant differences were observed between groups.

Blood lipid profile

Blood lipid profiles are provided in Table 4. At baseline, no
differences were observed between groups. Plasma triglyceride
and total, LDL-, and HDL-cholesterol concentrations did not
change significantly over time in either group.

Creatinine clearance

Serum creatinine concentrations were within the normal range
before the intervention (1.08 6 0.05 and 1.08 6 0.04 mg/dL in
the placebo and leucine groups, respectively) and did not change
after the intervention (1.09 6 0.05 and 1.05 6 0.04 mg/dL,
respectively). No differences were observed between groups. Cre-
atinine clearance did not change over time in either group: 79.4 6

3.7 and 89.6 6 7.3 mL � min21 � m22 before the intervention and
68.4 6 6.6 and 75.3 6 6.2 mL � min21 � m22 after the intervention
in the placebo and leucine groups, respectively (P . 0.05).

Amino acid profiles

Amino acid profiles are provided in Table 5. No differences
were observed between groups in plasma amino acid concen-
trations before the intervention. Basal plasma valine concen-
trations declined by 25 6 2% within 2 wk of supplementation in
the leucine group, after which concentrations remained stable:
from 197 6 7 (150–249) to 157 6 7 (106–196) and to 161 6 10
(99–236) lmol/L after 2 and 12 wk of intervention, respectively
(P , 0.05). Basal plasma leucine and isoleucine concentrations
did not change over time and did not differ between groups.

TABLE 2

Body composition1

Placebo (n ¼ 14) Leucine (n ¼ 15)

Before After Before After

Lean mass (kg) 55.8 6 0.9 56.2 6 1.1 54.6 6 1.0 55.0 6 1.5

Fat mass (kg) 19.8 6 1.7 19.2 6 2.0 20.0 6 1.4 20.0 6 1.3

Body fat (%) 24.5 6 1.7 23.9 6 1.9 25.3 6 1.2 25.4 6 1.2

Leg lean mass (kg) 17.6 6 0.4 18.0 6 0.4 17.1 6 0.5 17.6 6 0.4

Leg fat (%) 18.9 6 1.5 19.4 6 1.6 19.6 6 1.2 19.8 6 1.2

CSA (cm2) 71 6 3 71 6 3 71 6 2 71 6 2

Leg volume (L) 7.5 6 1.9 7.5 6 1.7 8.1 6 3.0 7.8 6 4.1

1 All values are means 6 SEMs. CSA, cross-sectional area. Data were

analyzed by using repeated-measures ANOVA. No significant differences

were observed between groups or over time. T
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Muscle tissue analyses

At baseline, no differences in the relative distribution of the
MHC isoforms were observed between the placebo and leucine
groups: 59 6 3% compared with 64 6 2% for MHC-I, 31 6 2%
compared with 30 6 2% for MHC-IIA, and 10 6 1% compared
with 6 6 1% for MHC-IIX, respectively. After 3 mo of supple-
mentation, the relative distribution of the MHC isoforms had not
changed in the placebo and leucine groups: 65 6 4% compared
with 65 6 3% for MHC-I, 28 6 3% compared with 30 6 3% for
MHC-IIA, and 7 6 1% compared with 6 6 1% for MHC-IIX,
respectively.

DISCUSSION

The present study was designed to assess the effect of 3 mo of
leucine supplementation on skeletal muscle mass, strength, and/or
glycemic control in healthy elderly men. Leucine supplementation
did not increase whole-body fat-free mass, increase the upper leg
cross-sectional area, or change muscle fiber type composition.
Furthermore, leucine supplementation was not accompanied by
changes in glycemic control and/or blood lipid profiles in healthy
elderly men.

Recent work has reported a blunted muscle protein synthetic
response to food intake in the elderly (11–13, 24). Recent in vivo
human studies suggest that increasing the leucine content of
a meal augments the postprandial muscle protein synthetic re-
sponse in the elderly (12, 13). Consequently, it has been suggested
that long-term leucine supplementation with each main meal
represents an effective nutritional strategy for augmenting muscle
mass and strength in the elderly (25). Previously, Katsanos et al
(12) reported a substantial 0.008%/h increase in postprandial
muscle protein synthetic rate for 2.5 h after the leucine content of
an oral amino acid mixture was increased in 10 healthy elderly
men. Extrapolation of these data toward the effect of leucine
supplementation with each main meal for a 3-mo period would
theoretically result in a 1.7-kg (range: 1.4–2.1 kg) gain in muscle
mass. Consequently, an increase in whole-body lean tissue mass of
’3% could be expected in the leucine supplemented group. With
a population size of 15, an a level of 0.05, and a power of 0.8, the
limit for a statistically detectable change in muscle mass would be
’0.75 kg, which is easily detected by DXA scanning (with a CV
for lean tissue ,0.5%). Even when using the lower boundary of
the proposed gain in muscle mass (1.4 kg), the power in the present
study would still be 0.95. Therefore, in case prolonged leucine
supplementation led to a clinically relevant gain in muscle mass,
the present study design would easily detect such changes.

In the present study, 3 mo of leucine supplementation did not
induce any changes in muscle mass on a whole-body, limb, and/or
muscle tissue level in healthy elderly men (Table 2). No changes in
body composition (by DXA) were observed in both the leucine
and placebo groups (Table 2). In accordance, upper leg muscle
cross-sectional area did not change during the intervention. The
latter was further supported by the absence of changes in MHC
expression in muscle tissue obtained before and after 3 mo of
intervention. The close relation between muscle mass and upper
leg cross-sectional area and muscle strength has been well es-
tablished (2, 26). In line with the absence of any changes in muscle
mass, we observed no changes in 1RM muscle strength in either
condition. Consequently, our data consistently showed that long-T
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TABLE 5

Amino acid concentrations over time1

Amino acid and group 0 wk 2 wk 4 wk 8 wk 12 wk

lmol/L lmol/L lmol/L lmol/L lmol/L

Glutamic acid

Placebo 88.3 6 8.0 78.9 6 7.32 80.8 6 5.22 84.1 6 9.42 97.4 6 7.22

Leucine 103.2 6 9 81.5 6 5.42 81.1 6 7.22 77.6 6 5.12 98.7 6 9.42

Asparagine

Placebo 44.5 6 3.9 52.6 6 1.7 52.5 6 1.9 55.4 6 2.3 53.5 6 4.7

Leucine 47.2 6 2 48.9 6 2.7 51.7 6 5.4 48.3 6 2.5 46.3 6 2.0

Serine

Placebo 94 6 5 93 6 5 96 6 4 99 6 5 100 6 5

Leucine 102 6 3 97 6 3 92 6 5 95 6 4 97 6 4

Glutamine

Placebo 544 6 26 603 6 25 576 6 28 594 6 24 598 6 26

Lleucine 561 6 20 569 6 22 534 6 35 560 6 18 533 6 16

Histidine

Placebo 71.9 6 4.1 75.4 6 3.5 74.1 6 3.1 75.2 6 3.4 77.4 6 3.3

Leucine 76.2 6 3.0 77.7 6 3.6 77.1 6 5.0 75.0 6 4.9 72.9 6 3.6

Glycine

Placebo 205 6 14 223 6 162 226 6 162 237 6 172 239 6 182

Leucine 209 6 11 218 6 12 212 6 13 212 6 13 205 6 11

Threonine

Placebo 104 6 5 114 6 5 114 6 6 122 6 52 125 6 52

Leucine 107 6 5 104 6 5 109 6 5.4 103 6 53 100 6 63

Citrulline

Placebo 31.2 6 3.1 31.9 6 2.2 33.0 6 3.3 34.6 6 3.4 34.3 6 2.8

Leucine 31.1 6 2.7 35.9 6 2.5 32.9 6 2.8 32.1 6 3.1 35.3 6 2.9

Arginine

Placebo 84.2 6 5.0 92.3 6 4.8 87.6 6 4.4 95.9 6 4.9 93.8 6 4.2

Leucine 89.8 6 3.9 89.5 6 4.1 95.7 6 4.6 87.7 6 3.8 82.9 6 3.12

Alanine

Placebo 287 6 19 315 6 17 306 6 24 337 6 17 317 6 18

Leucine 308 6 17 332 6 21 350 6 18 328 6 16 292 6 18

Tyrosine

Placebo 51.2 6 2.3 56.8 6 2.9 59.5 6 3.6 59.4 6 3.1 60.3 6 3.3

Leucine 55.9 6 2.0 54.9 6 3.9 59.1 6 2.7 59.2 6 2.9 58.1 6 2.1

Valine

Placebo 192 6 7 201 6 9 208 6 10 207 6 9 207 6 8

Leucine 197 6 7 157 6 72,3 157 6 82,3 161 6 102,3 161 6 102,3

Methionine

Placebo 20.2 6 1.2 21.9 6 0.92 21.8 6 1.2 23.5 6 1.32 23.2 6 1.02

Leucine 21.9 6 1.2 23.3 6 1.4 24.5 6 1.22 23.3 6 1.4 21.6 6 0.9

Isoleucine

Placebo 56.8 6 1.9 59.4 6 3.3 59.6 6 2.9 61.3 6 2.7 62.4 6 2.7

Leucine 57.7 6 2.2 52.2 6 2.8 55.6 6 2.8 51.9 6 3.1 52.3 6 3.4

Phenylalanine

Placebo 49.2 6 2.3 51.1 6 2.1 52.4 6 2.0 53.5 6 2.4 54.0 6 1.9

Leucine 52.5 6 1.8 54.5 6 2.7 54.9 6 2.3 53.8 6 2.5 52.8 6 2.1

Tryptophan

Placebo 40.1 6 2.4 41.8 6 2.1 41.8 6 2.4 41.2 6 2.2 51.7 6 8.0

leucine 43.1 6 1.6 45.7 6 2.5 45.6 6 2.3 43.9 6 2.5 43.3 6 1.9

Leucine

Placebo 104 6 3 107 6 7 111 6 5 114 6 5 114 6 4

Leucine 106 6 3 118 6 7 129 6 12 118 6 9 116 6 7

Ornithine

Placebo 52.1 6 2.1 53.4 6 2.8 52.5 6 2.8 54.6 6 3.0 57.0 6 2.7

Leucine 55.3 6 1.6 50.9 6 2.4 52.7 6 2.6 48.1 6 2.3 51.0 6 2.7

Lysine

Placebo 175 6 8 184 6 11 184 6 11 194 6 112 199 6 102

Leucine 194 6 9 184 6 8 194 6 7 178 6 9 177 6 7

1 All values are means 6 SEMs. Data were analyzed by using repeated-measures ANOVA. A significant time 3

treatment interaction was observed for glycine, threonine, arginine, valine, methionine, and lysine (P , 0.05).
2 Significantly different from baseline, P , 0.05.
3 Significantly different from placebo at the same time point, P , 0.05.
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term leucine supplementation with each main meal did not aug-
ment muscle mass and/or strength in healthy elderly men.

The anabolic property of leucine has been attributed to its ca-
pacity to stimulate mRNA translation initiation via insulin-
independent and insulin-dependent pathways (16, 27). Leucine
can also strongly augment glucose-induced insulin secretion by
directly stimulating the pancreatic b cell (28). Previous studies in
our laboratory have established the insulinotropic properties of
leucine when co-ingested with carbohydrate and/or protein (29,
30). The latter has since been applied as an effective nutritional
strategy to lower postprandial blood glucose excursions and im-
prove glycemic control in vivo in patients with type 2 diabetes (30,
31). Therefore, we speculated that prolonged leucine supple-
mentation with each main meal would also improve glycemic
control by increasing whole-body muscle mass and/or by im-
proving postprandial glycemic control. The latter is supported by
Zhang et al (32), who reported that long-term leucine supple-
mentation prevents hyperglycemia and improves insulin sensi-
tivity in mice fed a high-fat diet. The present study was the first
placebo-controlled study to assess the proposed effect of pro-
longed leucine supplementation on glycemic control in humans.
Therefore, we also measured blood Hb A1c concentrations and
performed an oral-glucose-tolerance test before and directly after
the supplementation period. However, no changes in any of the
variables that were used to assess glycemic control and/or whole-
body glucose tolerance were observed (basal glucose and insulin
concentrations, blood Hb A1c concentrations, HOMA-IR, and
OGIS (Table 3).

Generally, improvements in postprandial blood glucose ho-
meostasis are accompanied by improvements in the blood lipid
profile. In accordance, Zhang et al (32) also observed a reduction
in plasma total cholesterol and LDL-concentrations after leucine
supplementation in mice fed a high-fat diet. In line with the lack of
changes in glycemic control, we observed no changes in basal,
fasting plasma LDL and HDL cholesterol, triglyceride, and/or free
fatty acid concentrations in the present study (Table 4). The ap-
parent discrepancy between the rodent data presented by Zhang
et al (32) and our in vivo human data are likely explained by the
fact that the improvements in glycemic control and lipidemia in
the mice supplemented with leucine were only observed when
mice were fed a high-fat diet. From the present study, we con-
cluded that prolonged leucine supplementation does not improve
glycemic control and/or the blood lipid profile in healthy elderly
men. It might be of interest to study the proposed protective effects
of leucine supplementation under conditions of excess fat and/or
total energy intake. Furthermore, future studies assessing the pro-
posed benefits of leucine co-ingestion with each main meal in
type 2 diabetes patients are warranted.

It has been well-established (33) that leucine administration
lowers plasma concentrations of the other branched-chain amino
acids (valine and isoleucine). In accordance, we observed a 25 6

2% decline in basal plasma valine concentrations within 2 wk of
leucine supplementation, after which concentrations remained
stable. Whether this decline in fasting plasma valine concentration
is of clinical relevance remains debatable, because the basal
concentrations did not further decline and remained within a nor-
mal physiologic range. Plasma isoleucine concentrations did not
show any changes over time.

The absence of any changes in muscle mass and strength after
long-term leucine supplementation with each main meal seems to

be in contrast with recent studies that assessed the acute muscle
protein synthetic response to the ingestion of a leucine-enriched
amino acid mixture (12) or meal (13) in elderly subjects. The
apparent discrepancy might be explained by the overall leucine
and/or protein intake in these healthy elderly men. Habitual pro-
tein intake in our subjects averaged 78 6 3 g/d, or 1.0 6 0.1 g � kg
body wt21 � d21. The latter value is well above dietary guidelines
for daily protein intakes in the elderly (34–39). Moreover, recent
data by Campbell et al (36) show that a daily protein intake of 0.85
g protein� kg body wt21 � d21 is adequate for both young and old
subjects. Therefore, it could be speculated that the total habitual
protein intake and the associated leucine intake (’6.3 6 0.3 g/d)
were already sufficient to maximize the meal-induced muscle
protein synthetic response in our subjects.

It could be speculated that an even longer intervention period
would have resulted in a different study outcome. The latter is
unlikely because previous reports on the acute postprandial muscle
protein synthetic response to the ingestion of leucine-enriched
foods (12, 13) suggest that a substantial increase in muscle mass
should be achieved within 3 mo of leucine supplementation.
Furthermore, whether long-term leucine supplementation might
be an effective nutritional strategy in the more frail elderly pop-
ulation, with a less than optimal dietary protein intake, remains to
be determined. Nonetheless, the present study clearly shows that
previous reports on the acute stimulating properties of an in-
creased leucine content of a meal on the postprandial muscle
protein synthetic response do not translate into an effective long-
term interventional strategy to augment skeletal muscle mass in
healthy elderly men.

In conclusion, leucine supplementation with each main meal
(7.5 g/d) does not represent an effective nutritional strategy to
increase muscle mass, strength, and/or glycemic control in healthy
elderly men.

We gratefully acknowledge the expert technical assistance of Luk Corluy

for performing the DXA scans and of Geert Souverijns and Dominic Moermans

for performing the CT scans. We greatly appreciate the enthusiastic support of

all subjects who volunteered to participate in this study.

The authors’ responsibilities were as follows—KV, LJCvL, PD, and

WKWHW: designed the study; KV, SV, and PD: organized and carried

out the clinical experiments; SV, LBV, LJCvL, and RK: performed the sta-

tistical analysis of all the data and wrote the manuscript; and PD: provided

medical assistance. All authors contributed to the writing of the manuscript.

None of the authors had any personal or financial conflicts of interest.

REFERENCES
1. Evans WJ. What is sarcopenia? J Gerontol A Biol Sci Med Sci 1995;50:

5–8.
2. Frontera WR, Hughes VA, Fielding RA, Fiatarone MA, Evans WJ,

Roubenoff R. Aging of skeletal muscle: a 12-yr longitudinal study.
J Appl Physiol 2000;88:1321–6.

3. Short KR, Vittone JL, Bigelow ML, Proctor DN, Nair KS. Age and
aerobic exercise training effects on whole body and muscle protein
metabolism. Am J Physiol Endocrinol Metab 2004;286:E92–101.

4. Volpi E, Mittendorfer B, Rasmussen BB, Wolfe RR. The response of
muscle protein anabolism to combined hyperaminoacidemia and glucose-
induced hyperinsulinemia is impaired in the elderly. J Clin Endocrinol
Metab 2000;85:4481–90.

5. Balagopal P, Ljungqvist O, Nair KS. Skeletal muscle myosin heavy-
chain synthesis rate in healthy humans. Am J Physiol 1997;272:E45–50.

6. Hasten DL, Pak-Loduca J, Obert KA, Yarasheski KE. Resistance exer-
cise acutely increases MHC and mixed muscle protein synthesis rates in
78-84 and 23-32 yr olds. Am J Physiol Endocrinol Metab 2000;278:
E620–6.

1474 VERHOEVEN ET AL



7. Yarasheski KE, Welle S, Nair KS. Muscle protein synthesis in younger
and older men. JAMA 2002;287:317–8.

8. Katsanos CS, Kobayashi H, Sheffield-Moore M, Aarsland A, Wolfe RR.
Aging is associated with diminished accretion of muscle proteins after
the ingestion of a small bolus of essential amino acids. Am J Clin Nutr
2005;82:1065–73.

9. Paddon-Jones D, Sheffield-Moore M, Katsanos CS, Zhang XJ, Wolfe
RR. Differential stimulation of muscle protein synthesis in elderly hu-
mans following isocaloric ingestion of amino acids or whey protein. Exp
Gerontol 2006;41:215–9.

10. Volpi E, Sheffield-Moore M, Rasmussen BB, Wolfe RR. Basal muscle
amino acid kinetics and protein synthesis in healthy young and older
men. JAMA 2001;286:1206–12.

11. Cuthbertson D, Smith K, Babraj J, et al. Anabolic signaling deficits
underlie amino acid resistance of wasting, aging muscle. FASEB J 2005;
19:422–4.

12. Katsanos CS, Kobayashi H, Sheffield-Moore M, Aarsland A, Wolfe RR.
A high proportion of leucine is required for optimal stimulation of the
rate of muscle protein synthesis by essential amino acids in the elderly.
Am J Physiol Endocrinol Metab 2006;291:E381–7.

13. Rieu I, Balage M, Sornet C, et al. Leucine supplementation improves
muscle protein synthesis in elderly men independently of hyper-
aminoacidaemia. J Physiol 2006;575:305–15.

14. Combaret L, Dardevet D, Rieu I, et al. A leucine-supplemented diet
restores the defective postprandial inhibition of proteasome-dependent
proteolysis in aged rat skeletal muscle. J Physiol 2005;569:489–99.

15. Louard RJ, Barrett EJ, Gelfand RA. Overnight branched-chain amino
acid infusion causes sustained suppression of muscle proteolysis. Me-
tabolism 1995;44:424–9.

16. Norton LE, Layman DK. Leucine regulates translation initiation of pro-
tein synthesis in skeletal muscle after exercise. J Nutr 2006;136:533S–7S.

17. Alberti KG, Zimmet PZ. Definition, diagnosis and classification of di-
abetes mellitus and its complications. Part 1: diagnosis and classification
of diabetes mellitus provisional report of a WHO consultation. Diabet
Med 1998;15:539–53.

18. Jones PR, Pearson J. Anthropometric determination of leg fat and
muscle plus bone volumes in young male and female adults. J Physiol
1969;204:63P–6P.

19. Mayhew JL, Prinster JL, Ware JS, Zimmer DL, Arabas JR, Bemben MG.
Muscular endurance repetitions to predict bench press strength in men of
different training levels. J Sports Med Phys Fitness 1995;35:108–13.

20. Verdijk LB, Koopman R, Schaart G, Meijer K, Savelberg HH, van Loon
LJ. Satellite cell content is specifically reduced in type II skeletal muscle
fibers in the elderly. Am J Physiol Endocrinol Metab 2007;292:E151–7.

21. Mitsiopoulos N, Baumgartner RN, Heymsfield SB, Lyons W, Gallagher
D, Ross R. Cadaver validation of skeletal muscle measurement by
magnetic resonance imaging and computerized tomography. J Appl
Physiol 1998;85:115–22.

22. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF,
Turner RC. Homeostasis model assessment: insulin resistance and beta-
cell function from fasting plasma glucose and insulin concentrations in
man. Diabetologia 1985;28:412–9.

23. Esmarck B, Andersen JL, Olsen S, Richter EA, Mizuno M, Kjaer M.
Timing of postexercise protein intake is important for muscle hyper-
trophy with resistance training in elderly humans. J Physiol 2001;535:
301–11.

24. Rennie MJ. A role for leucine in rejuvenating the anabolic effects of
food in old rats. J Physiol 2005;569:357.

25. Dardevet D, Sornet C, Balage M, Grizard J. Stimulation of in vitro rat
muscle protein synthesis by leucine decreases with age. J Nutr 2000;
130:2630–5.

26. Fiatarone MA, Marks EC, Ryan ND, Meredith CN, Lipsitz LA, Evans
WJ. High-intensity strength training in nonagenarians. Effects on skel-
etal muscle. JAMA 1990;263:3029–34.

27. Kimball SR, Jefferson LS. Regulation of protein synthesis by branched-
chain amino acids. Curr Opin Clin Nutr Metab Care 2001;4:39–43.

28. van Loon LJC. Amino acids as pharmaco-nutrients for the treatment of
type 2 diabetes. Immun Endocrinol Metab Agents in Med. Chem 2007;
7:39–48.

29. Manders RJ, Koopman R, Sluijsmans WE, et al. Co-ingestion of a pro-
tein hydrolysate with or without additional leucine effectively reduces
postprandial blood glucose excursions in type 2 diabetic men. J Nutr
2006;136:1294–9.

30. Manders RJ, Wagenmakers AJ, Koopman R, et al. Co-ingestion of
a protein hydrolysate and amino acid mixture with carbohydrate im-
proves plasma glucose disposal in patients with type 2 diabetes. Am J
Clin Nutr 2005;82:76–83.

31. Manders RJ, Praet SF, Meex RC, et al. Protein hydrolysate/leucine
co-ingestion reduces the prevalence of hyperglycemia in type 2 diabetic
patients. Diabetes Care 2006;29:2721–2.

32. Zhang Y, Guo K, LeBlanc RE, Loh D, Schwartz GJ, Yu YH. Increasing
dietary leucine intake reduces diet-induced obesity and improves glu-
cose and cholesterol metabolism in mice via multimechanisms. Diabetes
2007;56:1647–54.

33. Matthews DE. Observations of branched-chain amino acid administra-
tion in humans. J Nutr 2005;135:1580S–4S.

34. Campbell WW, Crim MC, Dallal GE, Young VR, Evans WJ. Increased
protein requirements in elderly people: new data and retrospective re-
assessments. Am J Clin Nutr 1994;60:501–9.

35. Campbell WW, Evans WJ. Protein requirements of elderly people. Eur J
Clin Nutr 1996;50(suppl 1):S180–3 (discussion S183-5).

36. Campbell WW, Johnson CA, McCabe GP, Carnell NS. Dietary protein
requirements of younger and older adults. Am J Clin Nutr 2008;88:
1322–9.

37. Campbell WW, Trappe TA, Wolfe RR, Evans WJ. The recommended
dietary allowance for protein may not be adequate for older people to
maintain skeletal muscle. J Gerontol A Biol Sci Med Sci 2001;56:
M373–80.

38. Rand WM, Pellett PL, Young VR. Meta-analysis of nitrogen balance
studies for estimating protein requirements in healthy adults. Am J Clin
Nutr 2003;77:109–27.

39. Trumbo P, Schlicker S, Yates AA, Poos M. Dietary reference intakes for
energy, carbohydrate, fiber, fat, fatty acids, cholesterol, protein and
amino acids. J Am Diet Assoc 2002;102:1621–30.

LEUCINE SUPPLEMENTATION IN THE ELDERLY 1475


