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of muscle protein, they also serve as an energy source for
skeletal muscle. For example, the BCAAs leucine, isoleucine,
and valine are transaminated in muscle to their respective
a-keto acids, which are then utilized for gluconeogenesis in the
liver. During endurance exercise, the BCAA pool is maintained
through muscle protein breakdown. However, the oxidation of
BCAAs in skeletal muscle often exceeds their supply from
protein during prolonged endurance exercise. As a result,
BCAA concentrations decline in the blood, an effect that is
thought by some to cause the unexpected consequence of promoting tryptophan uptake across the blood–brain barrier, and
increasing serotonin formation in brain (3). One consequence
of this effect may be central fatigue. In this regard, it is of
interest that the ingestion of a BCAA solution by rats blocks
the rise in serotonin that occurs during exercise (4). Another
amino acid, arginine, may also serve useful functions during
exercise. Its ingestion promotes the secretion of hormones that
exert important actions during exercise (5,6), and also facilitates ammonia removal through the urea cycle, which may
reduce peripheral fatigue associated with exercise. The arginine
derivative, nitric oxide, a potent endogenous vasodilator, may
also enhance athletic performance (7,8). As a ﬁnal example,
glutamine is also central to muscle function. The concentration
of free glutamine in muscle is about 20 mmol/L, making it by far
the amino acid present in the highest concentrations in the free
amino acid pool of skeletal muscle (60% of the total free amino
acid pool) (9). A negative arterio-venous difference in the
plasma glutamine concentration occurs across muscle and
becomes particularly pronounced after prolonged exercise (10).
In slow-twitch muscle, the intracellular concentration of

Athletes have long experimented with nutritional supplements to improve physical performance. To assess whether a nutritional approach might actually beneﬁt performance, exercise
physiologists and biochemists have devoted considerable effort
to the study of nutrient needs and stores of the athlete, and the
usefulness of ergogenic supplements (1). Nutritional ergogenic
aids are classiﬁed into 4 categories: 1) substances that promote
anabolism and improved body composition (e.g., dietary amino
acids), 2) substances that provide quickly utilizable energy (e.g.,
dietary carbohydrates), 3) substances that facilitate recovery
from physical exhaustion (e.g., dietary antioxidants), and 4) substances that ﬁll other critical roles in exercise physiology (e.g.,
vitamins, sodium bicarbonate) (2).
This article focuses on the use of dietary amino acids in
sports nutrition, in particular, on their collective effects during
and after training. Whereas amino acids are the building blocks
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ABSTRACT This review discusses some of the beneﬁcial effects of a dietary amino acid supplement on muscle
function, fatigue, and recovery in exercising athletes. The supplement, a mixture of amino acids that included the
branched-chain amino acids, arginine and glutamine, was studied chronically at several daily dose levels for
extended periods of time (10, 30, and 90 d). Outcome variables included physical measures of muscle strength,
fatigue and damage, and blood indices of muscle damage and oxygen-carrying capacity. One beneﬁcial effect of the
amino acid supplement was a quicker recovery from the muscle fatigue that followed eccentric exercise training. A
dose-response study of the amino acid mixture at 2.2, 4.4, and 6.6 g/d for 1 mo showed that at the highest dose,
indices of blood oxygen-carrying capacity were increased and those of muscle damage were decreased at the end of
the trial. When the amino acid mixture was given for 90 d to elite rugby players during training at a dose of 7.2 g/d,
a blood-component analysis indicated improvements in the oxygen-carrying capacity of the blood. Together, the
studies suggest that the amino acid supplement contributed to an improvement in training efﬁciency through positive
effects on muscle integrity and hematopoiesis. J. Nutr. 136: 538S–543S, 2006.

AN AMINO ACID MIXTURE FOR ATHLETIC TRAINING

Recovery from muscle fatigue by oral administration
of an amino acid mixture
Muscle contraction is divided into 2 types: isometric and
isotonic. Skeletal muscle contracts while maintaining its length
in an isometric contraction, and contracts while resisting
a constant applied load in an isotonic contraction. The isotonic
contraction is further divided into concentric and eccentric
contractions; the muscle shortens in a concentric contraction,
and resists a constant pulling force in an eccentric contraction
(26). The eccentric force generated is greater than either the
concentric or isometric forces in ﬂexor and extensor muscles
during exercise sessions involving mechanical devices such as
a dynamometer (27). Therefore, eccentric exercise training is
considered more effective than isometric or concentric training
for the purpose of increasing muscle strength (28).
However, eccentric exercise is likely to cause severe muscle
soreness, the result of damage to muscle ﬁbers, tendons, and
other connective tissue. Indeed, structural damage in myoplasmic membranes (29,30) and sarcoplasmic reticulum (31) of
muscle ﬁbers are reported to result from eccentric exercise.
When the structural integrity is compromised in this manner,
calcium homeostasis is disturbed and induces unwanted protein
degradation (32), as indicated by elevated creatine phosphokinase (CPK) levels in blood. Blood CPK measurements
therefore serve as a useful indicator of muscle-ﬁber damage
(33,34).
In recent years, we have studied the effects of oral AA
mixtures during exercise on indices of muscle function, damage, and recovery (35–37). The results are discussed below.
The objective of such studies (37) has been to determine if an
oral AA mixture would facilitate the recovery from muscular
fatigue that results from the damage to muscle infrastructure
4
Abbreviations used: AA, amino acid; CPK, creatine phosphokinase; ISO,
isometric.

occurring during eccentric exercise (38,39). In these studies, 3
types of muscular-strength measurements were made to assess
the recovery from muscle fatigue following eccentric exercise:
maximum isometric strength, maximum concentric strength,
and maximum eccentric strength. Both elbow ﬂexor and extensor muscles were tested.
One study employed male students, aged 19–21 y, with
average heights and body weights of 172.0 6 1.2 cm and 65.2
6 1.8 kg, respectively. The AA mixture examined (35–37)
contained L-glutamine (;14% by weight), L-arginine (;14%
by weight), L-leucine, L-isoleucine, L-valine (total BCAA
;30% by weight), L-threonine, L-lysine, L-proline, L-methionine, L-histidine, L-phenylalanine, and L-tryptophan, altogether
totaling 5.6 g in each dose, with vitamins and minerals. The
placebo contained vitamins and minerals, as in the amino acid
mixture, but an equicaloric amount of carbohydrate in place of
amino acids. The experiment was a double-blind, crossover design,
with subjects receiving the AA mixture and the placebo during
2 trials separated by 2 mo. In each trial, the subjects began with
a 1-wk period during which they consumed a standardized meal
plan prepared by a dietician. They then undertook a session of
eccentric exercise training, after which they were allowed to
recover for 10 d. During the recovery period, they received the
AA mixture or the placebo 2/d. Muscle strength was measured
the d before the exercise training session, immediately after this
session, and then 1, 2, 3, 5, 6, and 10 d later. The measures of
muscle strength employed were maximum isometric (ISO)
strength, maximum concentric (CON) strength, and maximum
eccentric (ECC) strength., shown in the ﬁgures as the relative
peak torque, or the percentage of pretraining peak torque (Figs.
1 and 2).
For the elbow extensor muscle, in the placebo trial, the
relative peak torque for the maximum ISO strength declined to
77% of the pretraining strength immediately after the training
and to 68% 1 d after training. The maximum ISO strength
reached the lowest value (66.5% of the pretraining strength) 2 d
after the training, and then started to recover. The maximum
CON strength reached the lowest value 1 d after the training
before the onset of recovery. The maximum ECC strength
reached the lowest value 2 d after the training before the onset
of recovery. In the AA trial, the maximum ISO strength and
the maximum ECC strength of the elbow extensor muscle
showed a smaller decline 2 d after the training, relative to
placebo, suggesting earlier recovery (Fig. 1, panels A and C).
The differences in the maximum ISO strength between the amino
acid treatment and the placebo were statistically signiﬁcant (P #
0.05) on days 2, 3, and 6 (Fig. 1, panel A). The difference between
the amino acid group and placebo group was statistically
signiﬁcant (P # 0.05). When the elbow ﬂexor muscle was tested,
no signiﬁcant difference was noted between the placebo and AA
trials for any of the measures (Fig. 2).
The results of this study thus indicate that the ingestion of
the AA mixture accelerated the rate of elbow extensor muscle
recovery, compared with the placebo response. Furthermore,
the AA mixture produced higher muscle strength throughout
the recovery period. Most of the subjects reported less delayed
muscle soreness when given the amino acid mixture. These
results support the hypothesis that, collectively, amino acids
protect skeletal muscle from a destructive aspect of the eccentric exercise training when administered orally as a mixture.
Other studies have also observed that muscular damage is
moderated by dietary supplementation with an AA mixture
in human subjects and in laboratory animals. In a human study
the damage to elbow extensor muscle and muscle soreness
were reduced (compared with the placebo) by the use of an AA
mixture of the same composition (39). In a crossover study,
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glutamine is 3-fold higher than in fast-twitch muscle (11),
suggesting a greater demand for glutamine in the muscle ﬁbers
most associated with endurance training. In prolonged and
high-intensity exercise, plasma glutamine rises during exercise
and then falls during the postexercise recovery period (12).
This decline in glutamine following exercise has been implicated in the onset of acidosis (13), and in diminished immune
response, particularly in the case of overtraining (14).
In the past, when dietary amino acids have been studied
for their effects on physical performance, experiments were
conducted using only a single amino acid, given at a pharmacological dose, and examined over a relatively short period of
time. Relatively few reports are available that have examined
the physical performance effects of ingesting amino acids
chronically. And when chronic studies have been pursued, such
as with the BCAA (15–17), arginine (18–20) or glutamine
(21,22), few have focused on the physiological effects of these
amino acids during and after athletic activities, on the dosage
that would optimize observed beneﬁcial effects (23–25), or on
the effects of using these amino acids together. We therefore
developed a working hypothesis, which we have examined over
the past several years, that a dietary supplement that includes
BCAA, glutamine, and arginine might collectively improve
athletic performance. We discuss some of the results of our
investigations below, which involved examining physiological
and biochemical responses to an amino acid (AA)4 mixture
containing these amino acids during and after athletic activities
in studies of short, intermediate, and long-term design.
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2 groups of 24 untrained male students performed a session of
endurance exercise with one arm, and were followed during a
4-d recovery period. Four weeks later, the trial was repeated
using the other arm. The subjects were given either the AA
mixture or placebo before and after the exercise session, and at
night and in the morning for the next 4 days. When the
subjects received the AA mixture, the increases in CPK activity
and myoglobin concentration in plasma were effectively suppressed (P # 0.05), and muscle soreness with extension was lessened (P # 0.05) (N. Nosaka, M. Newton, P. Sacco, K. Mawatari,
and H. Satou, unpublished). And in an animal study, the
timing of the administration of the AA mixture was found to be
critical in alleviating muscular damage. When mice were forced
to jump in response to repeated electrical shocks, the AA mixture
was found to be effective in suppressing the rise of plasma CPK
only when given before and after the forced exercise (F. Ohta,
K. Mawatari, and H. Satou, unpublished).

A dose-response study of the AA mixture: effects on
blood markers of muscle damage in athletes training
as middle- and long-distance runners
We also undertook a study to identify an effective-dose
range for the AA mixture in reducing muscle damage during
training (35). In this experiment, a group of athletes on a college
track team (n 5 13) engaged in sustained exercise for 2–3 h/d,
5 d/wk for 6 mo. The level of training was made constant for 6
mo by adjusting the distance and the exercise intensity. The
combination of distance and exercise intensity was indexed to
compute exercise load. At the time of study, the average subject age, weight, and height were 20.2 6 0.4 y, 60.0 6 0.9 kg,
and 172.5 6 0.4 cm, respectively. These middle- and longdistance runners maintained their body weight and level of
exercise constant throughout the 6-mo study period. During
the 6-mo period, subjects received three 1-mo treatments,
separated by a washout month between each trial. The subject
group was divided into 3 subgroups, and the 3 treatments were
administered in a Latin-square design. The treatments were
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FIGURE 1 Isometric contraction muscle strength (A), concentric
contraction muscle strength (B), and eccentric contraction muscle
strength (C) of the elbow extensor muscle before, immediately after,
and during the 10-d recovery period. Muscle strength was measured as
the peak torque and expressed as relative peak torque when the peak
torque value before the eccentric exercise training was deﬁned as 100%.
Open circles represent the amino acid mixture trial; closed circles are the
placebo trial. Data are presented as means 6 SEM (n ¼ 22); *P , 0.05
vs. placebo on the same day; ANOVA; t test). Reproduced from Sugita
et al. (37), with permission.

FIGURE 2 Isometric contraction muscle strength (A), concentric contraction muscle strength (B), and eccentric contraction muscle strength
(C) of the elbow ﬂexor muscle before, immediately after, and during the
10-d recovery period. Muscle strength was measured as the peak torque
and expressed as relative peak torque when the peak torque value before
the eccentric exercise training was deﬁned as 100%. Open circles represent the amino acid mixture trial; closed circles are the placebo trial. Data
are presented as means 6 SEM (n ¼ 22). Reproduced from Sugita et al.
(37), with permission.
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(P # 0.05). Three factors relating to hematopoiesis were also
increased (P # 0.05): red blood cell count was elevated from
508 3 104/mL to 528 3 104/mL, hemoglobin concentration
from 15.2 g/dL to 15.8 g/dL, and hematocrit from 44.9 to 46.8%
(Fig 3). Hence, the AA mixture at the daily dose of 6.6 g
improved the self-assessment of the physical condition, reduced
muscle damage, and enhanced hematopoiesis measures, which
suggests improved oxygen-handling capacity.
Effects of the oral AA mixture in rugby players
In another study (36), we examined the effects of administering 7.2 g/d of the AA mix to rugby players for 3 months
during a period of intensive physical training. Twenty-three
members of an elite rugby team, which had won the championship in the Japan Football League for 7 consecutive years,
participated in this study. The average age, height, body weight,
and body fat percentage were 27.2 6 0.4 y, 177.8 6 1.6 cm,
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3 doses of the oral AA mix: 2.2, 4.4, and 6.6 g/d (the AA mix
was the same as that used in the above studies; the 2.2 g/d dose
was administered as a single dose at dinner; the 4.4 g/d dose was
administered as two 2.2 g doses at breakfast and dinner; the
6.6 g/d dose was given as three 2.2 g doses, one at each daily
meal). Blood samples were drawn at the beginning and end of
each trial, and assayed for indices of muscle damage and aerobic
ﬁtness.
The 2.2 g/d dose of the AA mix produced no signiﬁcant
effects on the blood measures of muscle damage and oxygencarrying capacity. The 4.4 g/d dose produced a signiﬁcant
increase in serum albumin and signiﬁcant reductions in serum
iron and blood lactic acid concentrations (P # 0.05) [data not
shown]. However, the 6.6 g/d dose produced notable changes
in physical condition, blood measures of muscle damage, and
oxygen-carrying capacity (see Table 1). The physical condition
index, a self-assessment made by the athletes, improved signiﬁcantly (P # 0.05) from 3.0 to 3.7. The most noteworthy
chemical improvement was the reduced elevation of serum
CPK activity (P # 0.05). Serum CPK is an indicator of muscle
inﬂammation and is elevated maximally 12–24 h after a session
of strenuous exercise involving heavy muscular load (40). The
decline in serum CPK activity, such as was seen in this portion
of the study, indicates an early recovery from muscle inﬂammation, which is considered favorable by athletes. In
addition, serum glutamate-oxaloacetate aminotransferase
activity declined and serum albumin concentration increased
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TABLE 1
Effect of the 6.6 g/day dose of the amino acid mixture
on physical parameters, hematology, and blood
biochemistry in runners
Pre-test period Post-test period
Body weight, kg
Exercise load, % max
Physical condition (score range 1–5)
Blood glucose, mg/dL
Blood ammonia, mg/dL
Blood lactate, mmol/L

60.4 6 0.9
80 6 4
3.0 6 0.1

59.4 6 0.9
90 6 3
3.7 6 0.2*

88 6 1
79 6 3
1.2 6 0.1

93 6 1*
82 6 6
1.2 6 0.1

Hematocrit, %
WBC, mL1
RBC, 104/mL
Platelets, 104/mL
Hemoglobin, g/dL

44.9
5300
508
20.3
15.2

6
6
6
6
6

0.8
400
12
0.9
0.2

46.8
5400
528
20.2
15.8

6
6
6
6
6

0.6*
300
9*
0.8
0.3*

Serum HDL, mg/dL
Serum albumin, g/dL
Serum TC, mg/dL
BUN, mg/dL
Serum iron, mg/L
Serum ferritin, mg/L

65
5.0
168
17.2
114
40

6
6
6
6
6
6

5
0.1
7
0.7
15
6

63
5.2
161
16.6
99
43

6
6
6
6
6
6

4
0.1*
7
0.8
12
7

Serum
Serum
Serum
Serum
Serum

366
32
28
365
25

6
6
6
6
6

52
2
3
19
4

198
24
27
361
25

6
6
6
6
6

22*
1*
5
16
3

CPK, U/L
GOT, U/L
GPT, U/L
LDH, U/L
g-GTP, U/L

Subjects (n ¼ 13) consumed the 6.6 g/d AA mixture for 30 d; blood
samples were taken just before and after the 30-d period. Data are
means 6 SEM. *P , 0.05 vs. pre-test values. WBC, white blood cells;
RBC, red blood cells; HDL, high density lipoproteins; TC, total cholesterol; BUN, blood urea nitrogen; GOT, glutamate-oxaloacetate aminotransferase; GPT, glutamate-pyruvate aminotransferase; LDH, lactate
dehydrogenase; g-GTP, g-glutamyltranspeptidase. Reproduced from
Ohtani et al. (35), with permission.

FIGURE 3 Changes in red blood cell count, hemoglobin, and serum
CPK activity in subjects orally administered the AA mixture for 30 d at 2.2
g/d, 4.4 g/d, or 6.6 g/d. Asterisk indicates before-and-after difference (P ,
0.05, paired t test). Reproduced from Ohtani et al. (35), with permission.
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TABLE 2
Effect of ingesting the 6.6 g/d dose of the amino acid mixture for 90 d on physical
parameters, hematology, and blood biochemistry in elite rugby players
Sampling time1

Statistics2

Pre (A)

Post (B)

1-y Post (C)

A vs. B

Body weight, kg
BUN, mg/dL
Creatine, mg/dL

93.6 6 2.8
16.4 6 0.8
1.09 6 0.04

93.5 6 2.7
16.1 6 0.6
1.10 6 0.03

93.2 6 2.6
17.7 6 0.8
1.14 6 0.02

WBC, mm3

5900 6 200

5400 6 200

6500 6 300

RBC, 104/mL
Hematocrit, %
Hemoglobin, g/dL

505 6 7
44.5 6 0.6
15.3 6 0.2

516 6 13
46.2 6 0.5
15.6 6 0.2

490 6 6
43.4 6 0.5
14.8 6 0.2

*
*
*

Serum iron, mg/dL
Total protein, g/dL
Total cholesterol, mg/L
High density lipoprotein, mg/dL
Low density lipoprotein, mg/dL
Triglyceride, mg/dL

101
7.1
169
52
87
148

6
6
6
6
6
6

6
0.1
5
2
6
18

121
7.2
191
52
109
150

6
6
6
6
6
6

7
0.1
8
2
10
12

109
7.1
178
51
101
129

6
6
6
6
6
6

9
0.1
6
1
8
13

*

GOT, U/L
GPT, U/L
g-GTP, U/L
Alkaline phosphatase, U/L

28
23
26
229

6
6
6
6

4
2
2
16

26
21
29
171

6
6
6
6

2
2
4
10

28
27
39
225

6
6
6
6

2
4
6
22

B vs. C
*
*
*

*

*
*
*

*

*

*
*

1
2

The 90-d study period occurred from June through August.
An asterisk indicates a signiﬁcant difference (P , 0.05). BUN, blood urea nitrogen; WBC, white
blood cell count; RBC, red blood cell count; GOT, glutamate-oxalacetate aminotransferase; GPT,
glutamate-pyruvate aminotransferase; g-GTP, g-glutamyl transpeptidase. From Ohtani et al. (36), with
permission.

93.6 6 2.8 kg, and 15.2 6 0.7%, respectively. Athletes
maintained a regular training schedule with their teammates
before, during, and after the 90-d trial period. None had taken
amino acid supplements in any form before this study.
The subjects were instructed to take a 3.6 g dose of the same
AA mixture studied above after morning and evening meals
every day for 90 days. Blood samples were collected at the
beginning and the end of the 90-d period. A self-assessment of
their physical condition was also made at the end of the treatment period. Blood samples were also collected 1 y later.
The results of blood analyses are presented in Table 2. Body
weight stayed constant throughout the study. Comparing
values at the beginning and end of the 90-d trial period, we
found that the hematocrit and hemoglobin, iron, total
cholesterol, and low-density lipoprotein concentrations were
elevated at the end of the trial (P # 0.05), whereas alkaline
phosphatase activity was reduced (P # 0.05). In addition, the
RBC count was reduced (P # 0.05) 1 y after the withdrawal of
the AA mixture administration. These results suggested that
the long-term administration of the AA mixture may have
increased the production of red blood cells, thereby perhaps
enhancing the capacity of the blood to carry oxygen. In this
study, rugby players in year-round training were used as
experimental subjects. These highly trained athletes reported
that the long-term intake of the AA mixture produced a
favorable effect on their physical ﬁtness.
In summary, the results of all of our studies suggest that the
recovery from muscular fatigue that occurs during exercise
training is facilitated by the use of the orally administered AA
mixture. Likewise, the AA mixture reduced the damage to
muscular integrity that accompanies strenuous exercise.
Additionally, the observation that the AA mixture produced
favorable changes in indicators of hematopoiesis indicates that,

when used for extended periods, increases in the oxygencarrying capacity of the blood may occur that further contribute
to improved athletic performance.
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