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ABSTRACT Branched-chain a-keto acid dehydrogenase (BCKDH) complex, the enzyme catalyst for the second
step of the BCAA catabolic pathway, plays a central role in the regulation of BCAA catabolism. The activity of the
complex is regulated by a covalent modification cycle in which phosphorylation by BCKDH kinase inactivates and
dephosphorylation by BCKDH phosphatase activates the complex. Many studies suggest that control of the activity
of the kinase is a primary determinant of the activity of the complex. The kinase exists at all times in the mitochondrial
matrix space in two forms, with a large amount being free and a smaller amount bound rather tightly to the BCKDH
complex. Only the bound form of the kinase appears to be catalytically active and, therefore, responsible for
phosphorylation and inactivation of the complex. a-Ketoisocaproate, the transamination product of leucine and the
most important known physiological inhibitor of BCKDH kinase, promotes release of the kinase from the complex.
a-Chloroisocaproate, the analogue of leucine and the most potent known inhibitor of the kinase, is more effective than
a-ketoisocaproate in promoting release of BCKDH kinase from the complex. Exercise and chronic liver disease (liver
cirrhosis) likewise decrease the amount of the kinase bound to the complex in rat liver. The resulting activation of the
BCKDH complex appears responsible for the increase in BCAA catabolism caused by exercise and liver cirrhosis.
Our findings support the use of BCAA supplements for patients with liver cirrhosis. J. Nutr. 136: 250S–253S, 2006.
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BCAAs leucine, isoleucine, and valine are essential amino
acids in animals. They account for ;35% of the indispensable
amino acids in muscle proteins and ;40% of the preformed

amino acids required by mammals (1). Since the muscle mass of
humans is ;40% of total body weight, a large amount of
BCAAs is present in muscle proteins. Animals have a limited
free amino acid pool that remains quite constant, and skeletal
muscle contains the largest free amino acid pool of the body (2),
corresponding to 3–5 g of total free amino acids/kg tissue. In
the free amino acid pool, the BCAAs account for only ;0.1 g
(0.6–1.2 mmol)/kg muscle (2). The pool size of free BCAAs is
therefore quite small compared with the total BCAA content of
muscle proteins. This is important because the free BCAAs,
especially leucine, play an important role in protein metabo-
lism. Leucine promotes protein synthesis and inhibits protein
degradation via mechanisms involving the mammalian target of
rapamycin (3,4). Furthermore, the transamination product of
leucine (a-ketoisocaproate) is a potent regulator of BCAA
catabolism (5) via strong inhibition of branched-chain a-keto
acid dehydrogenase (BCKDH)8 kinase. These findings suggest
that leucine has functions beyond its role as an essential amino
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acid. BCAA catabolism is greatly affected by a number of
physiological conditions in mammals (6), making it important
to elucidate the mechanisms responsible for alterations in the
BCAA catabolism under such conditions. We describe here
mechanisms responsible for regulation of BCAA catabolism
during exercise and liver disease (acute failure and cirrhosis).
The rationale for administration of BCAAs as therapy for liver
disease is briefly discussed.

Regulation of BCAA catabolism

Mammalian cells have a high capacity system for oxidative
disposal of BCAAs. In contrast with other essential amino
acids, which are oxidized primarily in the liver, the most active
system for oxidation of BCAAs per se is located in skeletal
muscle cells. Although the liver cannot directly catabolize
BCAAs, it has a very active system for degradation of the
branched-chain a-keto acids (BCKAs) derived from the
corresponding BCAAs (1,7). This organ specificity for BCAA
catabolism is the result of a unique distribution of the first two
enzymes of the catabolic pathway in animals, the branched-
chain aminotransferase (BCAT) and BCKDH complex (8)
(Fig. 1). This feature of the enzyme distribution is typical in rat
tissues; the skeletal muscle has quite high and low activities of
BCAT and BCKDH complex, respectively. The opposite
distribution of these enzymes holds for the liver (8,9).

The first two steps in BCAA catabolism are common to the
three BCAAs (Fig. 1). BCAT catalyzes transamination of
BCAAs, which is a reversible reaction to form BCKAs, and the
BCKDH complex catalyzes the oxidative decarboxylation of
BCKAs, an irreversible reaction. Since the BCKDH complex
commits BCAAs to degradation and the BCKDH complex is
subject to regulation by covalent modification, it is believed
that the BCKDH complex catalyzes the rate-limiting step in the
overall catabolism of the BCAAs (1,7).

The BCKDH complex is regulated by a phosphorylation/
dephosphorylation cycle. BCKDH kinase is responsible for
inactivation of the complex by phosphorylation of the E1a-
subunit of the complex (11,12), and BCKDH phosphatase is

responsible for activation of the complex by dephosphorylation
of E1a (13). Many reports suggest that the BCKDH kinase
plays an important role in the regulation of the complex activity
(6). The BCKDH phosphatase undoubtedly performs a signif-
icant role in the regulation of BCKDH complex activity, but
little is known about the phosphatase, although it has been
purified from bovine kidney (13). Thus far, our work has
focused primarily on the role of BCKDH kinase in regulation of
BCKDH complex activity.

The bound form of BCKDH kinase appears responsible for
phosphorylation and inactivation of BCKDH complex

Recent studies (14) show that the BCKDH kinase exists in
bound and free (nonbound) forms. The bound form of the kinase
can be immunoprecipitated from extracts of rat liver mitochon-
dria with antibodies against the E1 subunits (E1a and E1b) of the
BCKDH complex. Supernatants obtained by immunoprecipita-
tion of E1 contain significant amounts of the kinase correspond-
ing to its free form. Under most conditions, the amount of free
kinase exceeds the amount of kinase bound to the BCKDH
complex in rat liver mitochondrial extracts. In the routine
method for measurement of BCKDH kinase activity in rat liver
(15), the BCKDH complex and its kinase are coprecipitated with
9% polyethylene glycol prior to assay of kinase activity. Although
free and bound BCKDH kinase are both completely recovered in
9% polyethylene glycol precipitates, kinase activity against the
recovered BCKDH complex correlates with the amount of
the bound form of the kinase rather than the total amount of the
kinase. Furthermore, the amount of total kinase is little affected
by acute changes in physiological conditions (14,16), suggesting
that the bound rather than the free form of the kinase is re-
sponsible for phosphorylation and inactivation of the complex.
Table 1 lists various treatments and conditions in which an
inverse relationship between the amount of bound kinase and
the activity state of the BCKDH complex has been found. The
molecular basis for why only part of the kinase binds to the
complex in these conditions and why only the bound form of
the kinase is active is not known at this time.

FIGURE 1 BCAA catabolism: the
first two steps of the catabolic pathway
and regulation of the BCKDH complex.
KIV, a-ketoisovalerate; KMV, a-keto-b-
methylvalerate; KIC, a-ketoisocaproate;
CoA-SH, coenzyme A, reduced form; IB-
CoA, isovaleryl-CoA; MB-CoA, a-meth-
ylbutyryl-CoA; IV-CoA, isovaleryl-CoA;
R-CoA, acyl-CoA. This figure is a modi-
fied version of a previously published
figure by Shimomura et al. (10).
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Activation of the BCKDH complex by exercise

Exercise greatly increases energy expenditure, resulting in
promotion of amino acid catabolism in general and especially
the oxidation of BCAAs (2). Consistent with this finding, it is
well established that endurance exercise activates the BCKDH
complex in human and rat skeletal muscle (9,23) as well as rat
liver (23). By contrast, endurance exercise decreases BCKDH
kinase activity in liver (16,24), which surely accounts at least in
part for activation of the hepatic BCKDH complex during
exercise. It is unlikely that altered gene expression of the kinase
can be responsible for the decrease in kinase activity caused by
short periods of exercise. In our study using an electrically
stimulated muscle contraction model (25), increases in leucine
and a-ketoisocaproate (KIC) concentrations in the muscle
were suggested to be one factor responsible for muscle BCKDH
activation because KIC is a potent inhibitor of the kinase (5).
We have further demonstrated that the amount of BCKDH
kinase bound to the complex is reduced by exercise (16). In an
in vitro study designed to extend this work, we found KIC
promotes dissociation of the BCKDH kinase from the BCKDH
complex (20) (Fig. 2), consistent with activation of BCKDH

complex by increasing the KIC concentration during muscle
exercise. These findings suggest that a change in conformation
induced by KIC that modifies BCKDH kinase binding to the
BCKDH complex may be involved in regulation of BCKDH
complex activity (Fig. 3).

Regulation of hepatic BCKDH complex activity in
rats with acute or chronic liver failure

The possibility of beneficial nutraceutical effects of BCAAs
are of great interest. Indeed, BCAA supplements are given in
liver cirrhotic patients in Japan to improve serum albumin
concentrations (26,27). However, administration of BCAAs to
patients with acute liver failure may cause nitrogen overload
and accelerate hyperammonemia and hepatic encephalopathy.
It was, therefore, of interest to compare responses of the
BCKDH complex to acute and chronic liver failure (21). Rats
with acute liver failure were produced by injection of a single
dose (2 mL/kg body weight) of carbon tetrachloride. Liver
cirrhotic rats were produced by repeated injection of this toxic
compound (twice a week at 0.5 mL/kg body weight) for 21
weeks. Acute liver failure decreased hepatic BCKDH complex
total activity by 50% and elevated the concentrations of plasma
BCAAs and BCKAs by 2-fold compared with those of control
rats, suggesting that oxidation of BCKAs (and therefore
BCAAs) was suppressed in the rats. By contrast, liver cirrhosis
did not suppress hepatic BCKDH enzyme activity but rather
increased actual activity of the complex ;2-fold and sig-
nificantly decreased the concentrations of plasma BCAAs and
BCKAs, suggesting BCKA catabolism is enhanced in the
cirrhotic liver in comparison with the normal liver. In livers of
cirrhotic rats, the bound form of BCKDH kinase was sig-
nificantly decreased by ;30% compared with that of the
control rats, suggesting that activation of the BCKDH complex
in the cirrhotic livers may be attributed to a decrease in the
bound form of the kinase.

We also recently found that injection of rats with TNFa (25
or 50 mg/kg body weight) promotes dissociation of the BCKDH
kinase from the complex in rat liver, resulting in activation of
the complex (19). Cytokine levels are increased in cirrhotic
liver induced by carbon tetrachloride (28). Therefore, the
dissociation of BCKDH kinase from the complex induced by
TNFa may be involved in the mechanisms responsible for
activation of the BCKDH complex in cirrhotic liver.

It has been reported that BCAA administration improves
protein turnover in rats and humans with liver cirrhosis (29–
31), suggesting that BCAA supplements are appropriate for
patients with liver cirrhosis. Our finding of activation of the
capacity for BCKA oxidation and therefore BCAA oxidation
in cirrhotic liver supports the use of BCAA supplements for

TABLE 1

Effect of various treatments and conditions on the relative

amount of bound BCKDH kinase versus activity state of the

BCKDH complex in rat liver and muscle1

Treatment/Condition
Bound
kinase

BCKDH activity
state Reference

[Rat liver]
High protein feeding2 Low High 17, 18
Low protein feeding3 High Low 17, 18
Postprandial (female)4 Low High 14
Postabsorptive (female)4 High Low 14
Exercising Low High 16
Clofibric acid Low High 18
TNFa Low High 19
KIC Low ND 20
a-Chloroisocaproate Low ND 20
Liver cirrhosis Low High 21

[Rat muscle]
Resting High Low 16
Exercising Low High 16

1 TNFa, tumor necrosis factor-a; ND, not determined.
2 A stock diet (CE-2 [CLEA Japan], LM-485 Mouse/Rat Sterilizable

Diet 7912 [Harlan Teklad], or Purina Rodent Laboratory Chow 5002
[Harlan Industries]) or semipurified diet containing 50% protein (ICN
Nutritional Biochemicals) was used.

3 A semipurified diet containing 0% protein (17) or 8% protein (ICN
Nutritional Biochemicals) was used.

4 This phenomenon was tested only in female rats because hepatic
BCKDH complex and kinase activities show the typical diurnal variation
only in female rats but not in male rats (14, 22).

FIGURE 2 KIC and a-chloroisocaproate (a-ChloroIC) inhibit binding
of BCKDH kinase to the BCKDH complex. The inhibitors were added to
the rat liver extract before immunoprecipitation with antiserum against the
E2 subunit of the BCKDH complex. The BCKDH kinase in the precipitate
(the bound form) was detected by Western blot analysis with antiserum
against the kinase. Data presented in this figure were published pre-
viously by Murakami et al. (20).

FIGURE 3 The activation of BCKDH complex by exercise and liver
cirrhosis is associated with a decrease in the bound form of the BCKDH
kinase. KIC and TNFa may be involved in the dissociation of BCKDH
kinase from BCKDH complex. Hatched circles designate the free form of
the kinase; filled circles designate the bound form of the kinase.
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patients with liver cirrhosis. However, BCAA administration in
patients with acute liver failure, especially those with high
serum BCAA concentrations, may not be appropriate because
of the likelihood of BCAA overload.
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