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ABSTRACT BCAA catabolism in skeletal muscle is regulated by the branched-chain a-keto acid dehydrogenase
(BCKDH) complex, located at the second step in the BCAA catabolic pathway. The activity of the BCKDH complex is
regulated by a phosphorylation/dephosphorylation cycle. Almost all of BCKDH complex in skeletal muscle under normal
and resting conditions is in an inactive/phosphorylated state, which may contribute to muscle protein synthesis and
muscle growth. Exercise activates the muscle BCKDH complex, resulting in enhanced BCAA catabolism. Therefore,
exercise may increase the BCAA requirement. It has been reported that BCAA supplementation before exercise
attenuates the breakdown of muscle proteins during exercise in humans and that leucine strongly promotes protein
synthesis in skeletal muscle in humans and rats, suggesting that a BCAA supplement may attenuate muscle damage
induced by exercise and promote recovery from the damage. We have examined the effects of BCAA supplementation
on delayed-onset muscle soreness (DOMS) and muscle fatigue induced by squat exercise in humans. The results
obtained showed that BCAA supplementation prior to squat exercise decreased DOMS and muscle fatigue occurring
for a few days after exercise. These findings suggest that BCAAs may be useful for muscle recovery following
exercise. J. Nutr. 136: 529S–532S, 2006.
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Leucine, isoleucine, and valine possess a similar structure with
a branched-chain residue and therefore are referred to as
BCAAs. All are essential amino acids for animals and share
a common membrane transport system and enzymes for their
transamination and oxidative decarboxylation (see below) (1,2),
indicating that they are closely related in their metabolic fate.

BCAAs account for 35–40% of the dietary essential amino
acids in body protein and 14–18% of the total amino acids in
muscle proteins (3,4). The muscle mass of humans is ;40% of
the body weight; the muscle protein pool therefore represents
a very large reservoir of BCAA in the body. On the other hand,

animals have a free amino acid pool, which appears to be
constant, and the content of free BCAAs in the human skeletal
muscle is only ;0.1 g (0.6–1.2 mmol)/kg muscle (2). This pool
of free BCAAs is extremely small compared with the BCAA
content of muscle proteins. The total concentration of BCAA
in human blood (0.3–0.4 mM) is relatively high compared with
that of the other amino acids (except glutamine) (5,6).
However, the amount of BCAAs in human blood is also very
small compared with that in muscle proteins. Recent studies
have demonstrated that free BCAAs, especially leucine, play
a very important role in protein metabolism; leucine promotes
protein synthesis and inhibits protein degradation via mecha-
nisms involving the mammalian target of rapamycin (7,8).
These findings suggest that leucine is not only a building block
of proteins but also a modulator of protein metabolism. From
this background, it is interesting to consider the efficacy of
BCAAs when these amino acids are ingested as a supplement.
Here, we describe regulation of the BCAA catabolism during
exercise and a nutraceutical effect of these amino acids on
skeletal muscle in relation to exercise.

Regulation of BCAA catabolism

All of the steps of the BCAA catabolic pathway are located
in mitochondria (1). The first two steps in the pathway are
common to the three BCAAs (Fig. 1). The first reaction,
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catalyzed by branched-chain aminotransferase (BCAT),5 is a
reversible transamination to form branched-chain a-keto acids
(BCKAs). The second reaction, catalyzed by the branched-
chain a-keto acid dehydrogenase (BCKDH) complex, is an
irreversible oxidative decarboxylation of BCKAs. It has been
suggested that the second reaction is the rate-limiting step in
the overall BCAA catabolic pathway (1,10).

The BCKDH complex is regulated by covalent modification;
BCKDH kinase is responsible for inactivation of the complex by
phosphorylation of the E1a subunit (11,12), while BCKDH
phosphatase is responsible for activation of the complex by
dephosphorylation (13). Many reports indicate that the activity
of the BCKDH complex is inversely correlated with kinase
activity, suggesting that the kinase plays an important role in
the regulation of the complex activity (14). Although BCKDH
phosphatase has been purified from bovine kidney (13), little
information about BCKDH phosphatase is available.

Tissue specificity of BCAA catabolism in animals

It is known that BCAAs are oxidized primarily in the skeletal
muscle, while other essential amino acids are catabolized mainly
in liver. Although the liver cannot directly catabolize BCAAs, it
degrades BCKAs derived from the corresponding amino acids
(1,10). This organ specificity for BCAA catabolism is attributed to
the unique distribution of the first two enzymes (BCAT and the
BCKDH complex) of the catabolic pathway in the body:
extremely high and low activities of BCAT and the BCKDH
complex, respectively, in skeletal muscle and the reverse situation
in liver (15). This organ specificity is typical in rats (15,16).

The importance of low activity of the BCKDH
complex in skeletal muscle for protein synthesis

Because leucine is a potent stimulator of protein synthesis
in muscle cells (7), it is interesting to consider the effects of

BCAA catabolism on muscle protein synthesis. In rat skeletal
muscle, the degradation of BCAAs is tightly regulated by the
BCKDH complex: the total enzyme activity in skeletal muscle
of rats fed a chow diet is only ;2% that in the liver (;30 mU/g
tissue for skeletal muscle and ;1500 mU/g tissue for liver)
(10,16), and the activity state (percentage of active form of the
enzyme complex) in skeletal muscle is only 4–6% under normal,
resting conditions in rats (16), whereas the activity state of the
hepatic enzyme (especially in male rats) is close to 100% (10).
The relative state of inactivity of rat skeletal muscle BCKDH
complex, compared to liver, may reflect the relatively higher
amount of BCKDH kinase in muscle (17).

Clofibric acid, a well-known antihyperlipidemic drug, is
reported to be a kinase inhibitor (18). It has been demonstrated
that administration of clofibric acid to rats greatly activates the
BCKDH complex in skeletal muscle and liver (19). It is known
that long-term treatment of rats with the drug causes myopathy
and decreased skeletal muscle protein concentration (20,21).
These findings suggest that muscle protein synthesis may be in-
hibited by chronic activation of the BCKDH complex, thereby
promoting BCAA oxidation (19). Therefore, the low activity
of the BCKDH complex in the skeletal muscle under resting
conditions may be important for normal growth of skeletal
muscle.

Exercise enhances BCAA catabolism

Skeletal muscle is the major tissue for oxidation of BCAA, as
described above. It is known that BCAA oxidation in skeletal
muscle is enhanced by exercise (2). Exercise activates the
BCKDH complex in human and rat skeletal muscles (16,22)
and in rat liver (23) by dephosphorylation of the enzyme
complex. Especially in rat skeletal muscle, almost all of BCKDH
complex is in an inactive/phosphorylated state under resting
conditions (16), and it appears that tight control of the com-
plex activity by the kinase may be downregulated by exercise.
We examined the mechanism responsible for activation of the
complex in rat skeletal muscle by exercise using an electrically
stimulated muscle contraction model (24) and found that
increases in leucine and a-ketoisocaproate concentrations in
the muscle may be one of the factors responsible for BCKDH
activation in skeletal muscle because a-ketoisocaproate is a
potent inhibitor of the kinase (18).

Effects of BCAA supplementation on muscle soreness
and muscle fatigue induced by squat exercise in
humans: a preliminary study

An oral BCAA supplement (77 mg/kg body weight) before
exercise has been reported to increase intracellular and arterial
BCAA levels during exercise, resulting in the suppression of
endogenous muscle protein breakdown (25). Oral BCAA
administration (12 g/d for 2 weeks and additionally 20 g each
before and after the exercise test) also reportedly suppresses the
rise in serum creatine kinase activity for several days after
exercise (26). These findings suggest that BCAA supplemen-
tation might reduce muscle damage induced by exercise.
Therefore, we conducted a preliminary human study to evalu-
ate whether BCAA supplements might attenuate muscle soreness
and muscle fatigue induced by exercise.

Young healthy female and male adults, who did not take
regular exercise, were recruited, and 16 female and 14 male
subjects aged 21–24 y old participated (BMI 21.6 6 0.5 kg/m2

for females and 22.2 6 0.8 kg/m2 for males). Squat exercise was
used to induce delayed-onset muscle soreness (DOMS) and
muscle fatigue. The composition of the test solutions used in

FIGURE 1 The first two steps in the BCAA catabolic pathway.
KIV, a-ketoisovalerate; KMV, a-keto-b-methylvalerate; KIC, a-ketoisocap-
roate; CoA-SH, coenzyme A, reduced form; IB-CoA, isovaleryl-CoA;
MB-CoA, a-methylbutyryl-CoA; IV-CoA, isovaleryl-CoA; R-CoA, acyl-
CoA; Pase, phosphatase. Adapted from Shimomura et al. (9).

5 Abbreviations used: BCAT, branched-chain aminotransferase; BCKA,
branched-chain a-keto acid; BCKDH, branched-chain a-keto acid dehydrogenase;
DOMS, delayed-onset muscle soreness.
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this study were as follows: a BCAA solution (150 mL) con-
taining 5 g of a BCAA mixture (Ile:Leu:Val 5 1:2.3:1.2), 1 g
green tea powder (Instant Green Tea, Ajinomoto General Foods),
and 1.2 g non-nutritive sweetener (Pal Sweet, Ajinomoto); and
a placebo solution (150 mL) containing the same ingredients
as the BCAA solution, but substituting 5 g dextrin (Sanwa
Cornstarch) for the BCAAs. The BCAA mixture was based
on an amino acid composition reported by the Food and
Agricultural Organization of the World Health Organization
(27). The two solutions were designed to look and taste similar;
the green tea powder was used to mask the bitter taste of the
BCAAs. The BCAA intake per body weight was 92 6 2 mg/kg
for females and 77 6 3 mg/kg for males. The exercise test
consisted of 7 sets of 20 squats/set (total 140 squats), with
3-min intervals between each set. During each set, squats were
performed every 2 s. The experiment was conducted with a
crossover design, so that each subject was tested with placebo
and BCAA solutions, separated by a 12-week interval. The
subjects were randomly divided into two groups, with half
taking BCAA and half placebo during each trial. Subjects were
blind to the test solution.

On trial days, the subjects in the fasting state reported to the
laboratory at 0830 h and then ingested a jelly-type food (200 g
inweightcontaining100kcalfromsugar)(OtsukaPharmaceutical)
at 0900 h and, 30 min later, the BCAA or placebo solution.
The squat exercise session commenced ;15 min after ingestion
of the test solution. BCAA (or placebo) ingestion occurred
prior to the exercise trial because it has been reported that (1)
BCAA supplementation before exercise attenuated muscle
protein breakdown (25), (2) postexercise muscle protein syn-
thesis was greater when essential amino acids were consumed
before exercise, rather than after (28), (3) in a separate prelim-
inary study, we found that plasma BCAA concentrations were
elevated within 15 min and peaked 30 min after ingestion
when the 5 g of BCAA mixture were ingested, and (4) dietary
BCAAs may affect energy metabolism during exercise (29).
Muscle soreness before and after exercise and for the following
4 d (from the second through the fifth day) was evaluated while
sitting using a visual-analogue scale consisting of a 10-cm line
with ‘‘no pain’’ printed at one end and ‘‘extremely sore’’ at the
other (30). Muscle fatigue was evaluated at the same time using
a visual-analogue scale consisting of a 10-cm line with ‘‘no
fatigue’’ printed at one end and ‘‘extreme fatigue’’ at the other.
The subject was instructed to make a mark on the line indi-
cating the degree of muscle soreness and muscle fatigue he/she
felt. Informed, written consent was obtained from all subjects
before participating in the study. The study protocol was ap-
proved by the human research review committee of the Nagoya
University School of Medicine.

Muscle soreness in females was highest on the second and
third days in the placebo trial, indicating that DOMS occurred
following the squat exercise trials (Fig. 2A). However, although
DOMS also occurred after the BCAA trial, peak soreness
occurred only on the second day and was significantly lower
than that which occurred following the placebo trial (Fig. 2A).
DOMS on days 3–5 in females was also significantly lower in
the BCAA trial than in the placebo (Fig. 2A). In male subjects,
DOMS peaked on the second day and tended to be lower in the
BCAA than in the placebo trial throughout the test period,
although the differences did not attain statistical significance
(Fig. 2B). However, the calculated area under the curve for
muscle soreness over the 5-d period was lower in the BCAA
trial than in the placebo trial in both sexes (data not shown).
The suppression of DOMS by BCAA supplementation ap-
peared to be slightly less in male subjects than in female
subjects. The reason for the sex difference is not clear, though it
may be related to the smaller BCAA dose ingested by males
because of their greater body mass: male subjects ingested 77 6
3 mg/kg body weight, whereas females consumed 92 6 2 mg/kg
body weight. Further study is required to clarify this point.

Muscle fatigue in female and male subjects was highest right
after exercise and gradually decreased during the following 4 d
in both the BCAA and placebo trials (data not shown). The
fatigue reported during the 4 d after the exercise trial (from the
second through fifth days) in both sexes tended to be lower in
the BCAA trial than in the placebo trial.

The results obtained in this preliminary study indicate that
the ingestion of 5 g of BCAAs before exercise can reduce
DOMS and muscle fatigue for several days after exercise. The
mechanisms that underlie these BCAA effects have not yet
been examined. However, one possibility is that BCAA may
attenuate exercise-induced protein breakdown, while leucine
may stimulate muscle protein synthesis. If the finding is sub-
stantiated, the results could support the usefulness of BCAA in
muscle recovery from exercise. Further studies are required to
elucidate the mechanisms responsible for the effects of BCAA
supplementation.

LITERATURE CITED

1. Harper AE, Miller RH, Block KP. Branched-chain amino acid metabolism.
Annu Rev Nutr. 1984;4:409–54.

2. Rennie MJ. Influence of exercise on protein and amino acid metabolism.
In: Rowell LB, Shepherd JT, editors. Handbook of physiology, section 12: exercise:
regulation and integration of multiple systems. New York: Oxford University Press;
1996. p. 995–1035.

3. Riazi R, Wykes LJ, Ball RO, Pencharz PB. The total branched-chain
amino acid requirement in young healthy adult men determined by indicator amino
acid oxidation by use of L-[1-13C]phenylalanine. J Nutr. 2003;133:1383–9.

4. Layman DK, Baum JI. Dietary protein impact on glycemic control during
weight loss. J Nutr. 2004;134 (Suppl):S968–73.

5. Ahlborg G, Felig P, Hagenfeldt L, Hendler R, Wahren J. Substrate
turnover during prolonged exercise in man. J Clin Invest. 1974;53:1080–90.

6. Wahren J, Felig P, Hagenfeldt L. Effect of protein ingestion on splanchnic
and leg metabolism in normal man and in patients with diabetes mellitus. J Clin
Invest. 1976;57:987–99.

7. Bolster DR, Jefferson LS, Kimball SR. Regulation of protein synthesis
associated with skeletal muscle hypertrophy by insulin-, amino acid- and exercise-
induced signalling. Proc Nutr Soc. 2004;63:351–6.

8. Mordier S, Deval C, Bechet D, Tassa A, Ferrara M. Leucine limitation
induces autophagy and activation of lysosome-dependent proteolysis in C2C12
myotubes through a mammalian target of rapamycin-independent signaling path-
way. J Biol Chem. 2000;275:29900–6.

9. Shimomura Y, Murakami T, Nakai N, Nagasaki M, Harris RA. Exercise
promotes BCAA catabolism: effects of BCAA supplementation on skeletal muscle
during exercise. J Nutr. 2004;134 (Suppl):S1583–7.

10. Harris RA, Zhang B, Goodwin GW, Kuntz MJ, Shimomura Y, Rougraff P,
Dexter P, Zhao Y, Gibson R, Crabb DW. Regulation of the branched-chain
a-ketoacid dehydrogenase and elucidation of a molecular basis for maple syrup
urine disease. Adv Enzyme Regul. 1990;30:245–63.

FIGURE 2 Effect of the BCAA supplement on DOMS induced by
squat exercise. (A) females; (B) males. Values are means 6 SEM for
16 females and 14 males. *P , 0.05 to the corresponding placebo
trial (Wilcoxon signed-rank test).

531SBRANCHED-CHAIN AMINO ACIDS AND MUSCLE

 by guest on A
ugust 30, 2017

jn.nutrition.org
D

ow
nloaded from

 

http://jn.nutrition.org/


11. Shimomura Y, Nanaumi N, Suzuki M, Popov KM, Harris RA. Purification
and partial characterization of branched-chain a-ketoacid dehydrogenase kinase
from rat liver and rat heart. Arch Biochem Biophys. 1990;283:293–9.

12. Popov KM, Zhao Y, Shimomura Y, Kuntz MJ, Harris RA. Branched-chain
a-ketoacid dehydrogenase kinase: molecular cloning, expression, and sequence
similarity with histidine protein kinases. J Biol Chem. 1992;267:13127–30.

13. Damuni Z, Reed LJ. Purification and properties of the catalytic subunit of
the branched-chain a-keto acid dehydrogenase phosphatase from bovine kidney
mitochondria. J Biol Chem. 1987;262:5129–32.

14. Shimomura Y, Obayashi M, Murakami T, Harris RA. Regulation of
branched-chain amino acid catabolism: nutritional and hormonal regulation of
activity and expression of the branched-chain a-keto acid dehydrogenase kinase.
Curr Opin Clin Nutr Metab Care. 2001;4:419–23.

15. Suryawan A, Hawes JW, Harris RA, Shimomura Y, Jenkins AE, Hutson
SM. A molecular model of human branched-chain amino acid metabolism. Am J
Clin Nutr. 1998;68:72–81.

16. Shimomura Y, Fujii H, Suzuki M, Murakami T, Fujitsuka N, Nakai N.
Branched-chain a-keto acid dehydrogenase complex in rat skeletal muscle:
regulation of the activity and gene expression by nutrition and physical exercise.
J Nutr. 1995;125 (Suppl):S1762–5.

17. Xu M, Nagasaki M, Obayashi M, Sato Y, Tamura T, Shimomura Y.
Mechanism of activation of branched-chain a-keto acid dehydrogenase complex
by exercise. Biochem Biophys Res Commun. 2001;287:752–6.

18. Paxton R, Harris RA. Regulation of branched-chain a-ketoacid dehydro-
genase kinase. Arch Biochem Biophys. 1984;231:48–57.

19. Kobayashi R, Murakami T, Obayashi M, Nakai N, Jaskiewicz J, Fujiwara
Y, Shimomura Y, Harris RA. Clofibric acid stimulates branched-chain amino acid
catabolism by three mechanisms. Arch Biochem Biophys. 2002;407:231–40.

20. Teravainen H, Larsen A, Hillbom M. Clofibrate-induced myopathy in the
rat. Acta Neuropathol (Berl). 1977;39:135–8.

21. Paul HS, Adibi SA. Paradoxical effects of clofibrate on liver and muscle
metabolism in rats. Induction of myotonia and alteration of fatty acid and glucose
oxidation. J Clin Invest. 1979;64:405–12.

22. Wagenmakers AJ, Brookes JH, Coakley JH, Reilly T, Edwards RH.
Exercise-induced activation of the branched-chain 2-oxo acid dehydrogenase in
human muscle. Eur J Appl Physiol Occup Physiol. 1989;59:159–67.

23. Kobayashi R, Shimomura Y, Murakami T, Nakai N, Otsuka M, Arakawa N,
Shimizu K, Harris RA. Hepatic branched-chain a-keto acid dehydrogenase com-
plex in female rats: activation by exercise and starvation. J Nutr Sci Vitaminol (Tokyo).
1999;45:303–9.

24. Shimomura Y, Fujii H, Suzuki M, Fujitsuka N, Naoi M, Sugiyama S, Harris
RA. Branched-chain 2-oxo acid dehydrogenase complex activation by tetanic
contractions in rat skeletal muscle. Biochim Biophys Acta. 1993;1157:290–6.

25. MacLean DA, Graham TE, Saltin B. Branched-chain amino acids augment
ammonia metabolism while attenuating protein breakdown during exercise. Am J
Physiol. 1994;267:E1010–22.

26. Coombes JS, McNaughton LR. Effects of branched-chain amino acid
supplementation on serum creatine kinase and lactate dehydrogenase after pro-
longed exercise. J Sports Med Phys Fitness. 2000;40:240–6.

27. Report of a joint FAO/WHO/UNU Expert Consultation. Energy and protein
requirements. World Health Organ Tech Rep Ser. 1985;724:1–206.

28. Tipton KD, Rasmussen BB, Miller SL, Wolf SE, Owens-Stovall SK, Petrini
BE, Wolfe RR. Timing of amino acid-carbohydrate ingestion alters anabolic re-
sponse of muscle to resistance exercise. Am J Physiol Endocrinol Metab. 2001;
281:E197–206.

29. Shimomura Y, Murakami T, Nakai N, Nagasaki M, Obayashi M, Li Z,
Xu M, Sato Y, Kato T, et al. Suppression of glycogen consumption during acute
exercise by dietary branched-chain amino acids in rats. J Nutr Sci Vitaminol
(Tokyo). 2000;46:71–7.

30. Nosaka K, Newton M, Sacco P. Muscle damage and soreness after
exercise of the elbow flexors. Med Sci Sports Exerc. 2002;34:920–7.

532S SUPPLEMENT

 by guest on A
ugust 30, 2017

jn.nutrition.org
D

ow
nloaded from

 

http://jn.nutrition.org/

