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410 HARPER, MILLER & BLOCK 

INTRODUCTION 

The branched-chain amino acids (BCAA)-leucine, isoleucine, and valine­
are three of nine amino acids ,that cannot be synthesized by animals and are 
therefore essential nutrients that must be obtained from foods. They are 
required specifically for the synthesis of proteins, not as precursors of unique 
biologically active molecules. The BCAA comprise about 35% of the indis­
pensable amino acids in muscle proteins and about 40% of the amino acids 
required preformed by mammals. As the BCAA make up almost 50% of the 
indispensable amino acids in the food supply, deficiencies of them do not occur 
naturally (92). Nutritional investigations of the BCAA have therefore focused 
primarily on the effects of excessive intakes of the individual BCAA and on the 
metabolic relationships among them, rather than on problems relating to 
inadequate intakes. 

Investigations of the metabolism of the BCAA have burgeoned in recent 
years for several reasons. Prominent among these are: some unique features of 
the catabolism of the BCAA have implications for improving understanding of 
interorgan relationships in nitrogen and carbon metabolism; the initial enzymes 
for catabolism of the BCAA are regulated differently from other amino acid­
degrading enzymes; orie or more of the BCAA appear to exert specific regula­
tory effects on tissue protein degradation and synthesis that may be of clinical 
significance; and BCAA, through competition with other amino acids in blood, 
appear to play a role in controlling brain amino acid concentrations and thereby 
in the synthesis of amino acid-derived neurotransmitters. 

This review is restricted for the most part to discussion of the metabolic and 
nutritional interrelationships of the BCAA. Some aspects of the subject and 
observations on other physiologically important effects of BCAA have been 
covered in other reviews. The reader is referred to these for discussions of other 
papers that are not cited or discussed in this article because of space limitations. 
Knowledge of genetic defects of BCAA metabolism has been reviewed in 
detail (221); an extensive compilation of current research on various aspects of 
BCAA metabolism has been published (234), as have reviews specifically on 
BCAA aminotransferases (108) and branched-chain a-ketoacid (BCKA) de­
hydrogenase (191). Several authors have discussed various aspects of amino 
acid and interorgan relationships in the metabolism of the BCAA (60, 78, 94, 
131, 213). Observations on the effects of excessive intakes of BCAA (88, 92) 
and the nutritional and physiological factors that affect BCAA metabolism (4) 
have been summarized. Differing views on the role of leucine as an etiological 
factor in the development of pellegra have been presented (81, 138, 139). 
Overviews of the clinical and pharmacological significance of the BCAA are 
available (5, 10), and more detailed reviews on specific aspects of this subject 
include the role of leucine in insulin release (57) , BCAA in hepatic disease (16, 
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BCAA AND BCKA METABOLISM 4 1 1 

22), and BCAA and BCKA in renal disease and urea cycle defects (23 1 , 232) . 
Recent publications on the effects of BCAA on tissue protein degradation ( 186) 
and synthesis ( 149) bear on the question of potential nitrogen-sparing effects of 
BCAA in patients with trauma and sepsis (33, 67, 121). Observations on the 
effects of competition among plasma amino acids for uptake into brain and 
the implication of this, especially in relation to the role of BCAA, for neuro­
transmitter synthesis have been reviewed (62, 241 ); the bearing of observa­
tions of this type on the control of feeding behavior is being debated (93, 1 28, 
1 29). 

METABOLISM OF BCAA AND BCKA 

The catabolic pathways of the BCAA have several features in common. The 
initial step for each is transamination, a readily reversible reaction that yields 
the corresponding BCKA. Each BCKA then undergoes an irreversible oxida­
tive decarboxylation, the product of which is the acyl-CoA derivative with one 
less �arbon. Thereafter, the pathways resemble those for fatty acid oxidation 
and lead to end products that can enter the tricarboxylic acid cycle. The end 
products of isoleucine catabolism are propionyl-CoA and acetyl-CoA (Figure 
1 ); hence it is both glucogenic and ketogenic. Leucine yields acetoacetate and 
acetyl-CoA; it is therefore ketogenic. Valine yields succinyl-CoA; it is there­
fore glucogenic. 

BCAA Aminotransferase 

DISTRIBUTION AND CHARACTERISTICS BCAA aminotransferase (BCAAT, 
EC 2.6. 1.42), the catalyst for transamination of the BCAA, is widely distri­
buted among tissues. The enzyme was purified and characterized from pig 
heart in 1 966 ( 109 , 224). It is a pyridoxal phosphate-dependent enzyme and 
accepts all three BCAA as substrates. Among the tissues assayed for the 
enzyme, activity per gram of wet tissue was highest in heart and kidney, 
intermediate in skeletal muscle, and lowest in liver ( 109) . Subsequently stom­
ach, pancreas, and lactating mammary gland were found to have higher 
BCAAT activity than kidney (32, 1 13). 

BCAAT occurs in both the cytosol and the mitochondria. The proportions in 
the two fractions differ from organ to organ, ranging from 75% cytosolic in 
brain to 22% cytosolic in kidney ( 1 16). Detergent treatment of muscle 
mitochondria increased BCAAT activity ( 165), so mitochondrial values 
obtained may be low. The Michaelis constants (Km) of the cytosolic and 
mitochondrial enzymes from rat brain, kidney, skeletal muscle, and mammary 
gland for BCAA differ little ( 1 1 6). Differences in the properties of the cytosolic 
and mitochondrial enzymes from rat liver, however, indicated that they were 
different proteins (9). 
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412 HARPER. MILLER & BLOCK 
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Fig"re I Conversion of isoleucine to propiollyl·CoA and acelyl·loA. 

Tiglyl eoA 

lchihara and associates ( 1 13)  have identified three different BCAATs in 

various mammalian tissues. Enzyme L which accepts all three BCAA as 
substrates. is widely distributed and is the predominant form in both cytosol 
and mitochondria of most organs and tissues. Enzyme II. which is specific 
for leucine. has been found only in cytosol of rat liver (9). Enzyme /II was 
found in pig and rat brain. It is the predominant form in brain. placenta. and 
ovary. Another aminotransferase that accepts either leucine or methionine as 

substrate was isolated from rat liver mitochondria (114). and it has been 
designated leucine (methionine) aminotransferase. In a survey of human tis­
sues (82), enzymes 1 and III were found widely distributed. with enzyme I 
predominating in tissues other than brain. Enzyme II was not detected in hu­
man liver. 

The Kill'S of BCAAT 1 and III from rat tissues range from about 0.4 to 
0 .8 mM for leucine and isoleucine and from about 1.2 to 2 .5 mM for valine 
( 1 13, 1 16) .  The values are 2-6 times the concentrations of leucine and iso­
leucine found in tissues and about 4- 10 times the concentration of valine 
found in tissues. The Kill of the leucine-specific enzyme II of rat liver for leu­

cine is about 25 mM (\ 13). The main amino-acceptor in the BCAAT reaction 
is considered to be a-ketoglutarate. for which the Kill appears to range be­
tween 0.1 and 1.0 mM, depending on the tissue (113). The BCKA. how­
ever, are excellent amino-acceptors for the various BCAA. as are a-keto­
-y-methiobutyrate and a-ketobutyrate (46. 223): very little activity is observed 
with pyruvate and none with oxaloacetate (46). Glutamate. methionine. and 
a-aminobutyrate are effective amino donors for each of the BCKA. but 
other amino acids, including glutamine, apparently do not donate their amino 
groups to the BCKA. The KIII's for the BCKA as amino-acceptors for BCAA 
range from 0.03 to 0 . 1 1  mM. about one-tenth to one-third of the Kill for 
a-ketoglutarate. 
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BCAA AND BCKA METABOLISM 4 1 3  

REGULATION No unique mechanisms for reg�lation of BCAAT have been 
identified. The rate of transamination should thus depend primarily on the 
concentrations of enzyme and substrates .  The Km's of the major aminotrans­
ferase for the BCAA exceed 0.4 mM and are thus two- to fourfold higher than 
tissue BCAA concentrations, so the rate of transamination in vivo should 
respond rapidly to changes in tissue BCAA concentrations (122). Rapid remov­
al of BCKA, the products of transamination, should increase the rate of this 
reaction . When aminotransferase activity is rate-limiting, addition of a source 
of BCKA dehydrogenase to the incubation medium increases the rate of 
transamination (46) . This situation should occur in vivo in liver, which has low 
aminotransferase but high BCKA dehydrogenase activity. 

The potential for competition among at least four amino-donors and an equal 
number of amino-acceptors in the BCAA T reaction is obviously great (46, 224) 
and could influence the rate of formation of the individual BCKA. With muscle 
as the source of aminotransferase, with the three BCAA in the incubation 
medium at physiological concentrations (0. 1-0 . 2  mM) , and with a­
ketoglutarate as the amino acceptor, transamination proceeded most slowly 
with valine , as might be anticipated from the high Km of the aminotransferase 
for valine , and more rapidly with leucine and isoleucine , for which the Km 's are 
lower (46). Less a-ketoisovalerate thus accumulated in the medium than the 
other two BCKA, as was observed when the isolated hindquarter was perfused 
with a complete mixture of amino acids ( 103). Also, because the Km of BCAAT 
for a-ketoglutarate is 0.3-0.4 mM above usual tissue concentrations, the 
supply of amino-acceptor could become limiting for transamination in vivo, 
especially if concentrations of BCAA were high . Most tissues contain high 
concentrations of glutamate, so reamination of BCKA might be expected under 
such conditions ( 1 24). Evidence that reamination of the BCKA occurs in vivo 
has been obtained in studies in which nitrogen and the carbon skeletons of 
BCAA were labelled with stable isotopes (73 ,  142) . 

The BCKA formed in the BCAA T reaction are the substrates for the irre­
versible oxidative decarboxylation, the second step in the pathway of BCAA 
degradation. Because BCKA concentrations in most tissues rarely exceed the 
Km of the BCKA dehydrogenase, rates of degradation of BCAA in vivo are 
probably controlled largely through changes in the concentrations of the sub­
strates for the BCAAT reaction (95). 

BCKA Dehydrogenase 

DISTRIBUTION AND CHARACTERISTICS Branched-chain a-ketoacid dehy­
drogenase (BCKAD, EC 1 .2.4.4) is a multienzyme complex located on the 
inner surface of the inner mitochondrial membrane . BCKAD catalyzes the 
oxidative decarboxylation of a-ketoisocaproate (ketoleucine, KIC), a-keto-�­
methylvalerate (ketoisoleucine, KMV), and a-ketoisovalerate (ketovaline, 
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4 1 4  HARPER, MILLER & BLOCK 

KIV), to form isovaleryl-CoA, 3-methylbutyryl-CoA, and isobutyryl-CoA, 
respectively. In both structure and function, BCKAD resembles the pyruvate 
dehydrogenase complex (PDH, EC 1 .2.4. 1), which catalyzes the conversion of 
pyruvate to acetyl-CoA ( 192). Like BCAAT, BCKAD is distributed ubiq­
uitously and nonuniformly throughout the body (Table 1 ) .  BCKAD activity is 
highest in liver, intermediate in kidney and heart, and comparatively low in 
rnuscle, adipose tissue, and brain ( 19 1 ) .  

Early atternpts to purify BCKAD met with difficulty ( 1 91) , but in 1978 it was 
purified 280-fold to apparent homogeneity from bovine kidney mitochondria 
( 1 84) . Since then, Paxton & Harris ( 180) have purified BCKAD from rabbit 
liver 1400-fold . The BCKAD complex has a relative molecular weight (Mr) 
greater than 2 x 106 and is composed of three separate catalytic subunits held 
together by noncovalent interactions: (a) branched-chain a-ketoacid decar­
boxylase (Elb) arranged in an O:2�2 substructure with thiamin pyrophosphate as 
a prosthetic group; (b) dihydrolipoyl transacylase (E2b) with lipoate as a 
prosthetic group; and (c) dihydrolipoyl dehydrogenase (E3b) with flavin ade­
nine dinucleotide as a prosthetic group. The M/s of the subunits as derived 
frorn sodium dodecylsulfate-polyacrylamide gel electrophoresis are 47 ,000 for 
Elb",; 38,000 for ElbJ3; 5 1 ,000 for E2b; and 55 ,000 for E3b ( 1 80) . In addition to 
the covalently bound prosthetic groups listed above, BCKAD requires coen­
zyrne A (CoA) and nicotinirnide adenine dinucleotide (NAD+) as cofactors for 
oxidation of BCKA. The complex also requires Ca2+ and Mg2+ for optirnal 
activity ( 1 1 5 ,  1 74). Dihydrolipoyl dehydrogenase is only loosely bound to the 
dihydrolipoyl transacylase core and is readily lost during isolation, which may 
help to explain the difficulties encountered in the early attempts to purify 
BCKAD. 

All three BCKA serve as substrates for the isolated BCKAD. Earlier work 
had suggested that there were two separate BCKAD in bovine liver--one 
specific for KIC and KMV and one specific for KIV (21 , 4 1 ) .  However, recent 

Table 1 Activities of BCAA T and BCKAD in various rat tissues' 

Disrupted preparations Oxidation of [I_14C] BCAA 
using isolated hepatocytes 

BCAAT BCKAD or tissue perfusionsb 
Tissue (nmol/minlg) (nmol/minlg) (nmol/min/g) 

Liver 95- 1 1 6  500-650 1 .5-9. 1 
Skeletal muscle 450-1070 25-50 0.2-7 . 5  
Heart 1 2 1 0-3750 2 1 0-330 2.5-1 0.2 
Kidney 1050-2300 300-470 0.8-7 . 5  

'See text for discussion and references. 
"Ranges of oxidation rates are given for substrate concentrations between 0.1 and 0.5 mM. 
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BCAA AND BCKA METABOLISM 4 1 5  

work with purified rabbit liver BCKAD indicates that the enzyme accepts all 
three BCKA as substrates with Km's for KIC, KMV, and KIV of 15 ,  14,  and 28. 
/-LM respecti vel y ( 180). The purified enzyme also exhibi ts classical competi ti ve 
inhibition kinetics with all pairs ofBCKA. The pH optima and heat inactivation 
curves of BCKAD for all of these substrates are similar (48). Maple syrup urine 
disease , an inborn error of metabolism characterized by low or absent BCKAD 
activity, results in elevations in all three BCAA and BCKA (221) .  Also, 
BCKAD activity in liver from rats fed 0--30% casein increased incrementally 
whether KIC, KMV, or KIV was used as the substrate (240). Taken together, 
these observations indicate that there is only one mitochondrial BCKAD. 
Whether the differential responses of BCKA oxidation to Ca2+ (8), NAD+ 

(5 1 ) ,  hormones (29, 2 19), adenine nucleotides (8) , and carnitine and �­
hydroxybutyrate ( 1 73) that have been reported are artifactual (i.e .  transport 
phenomena) remains to be established. 

In addition to the mitochondrial BCKAD, a cytosolic KIC-preferring oxyge­
nase has been isolated from rat liver and kidney ( 197). The oxygenase from rat 
liver has been purified to near homogeneity by Bieber and associates ( 1 98). Rat 
liver KIC oxygenase is a monomer of Mr =50,000 and catalyzes the oxidative 
decarboxylation and hydroxylation of KIC to form [3-hydroxyisovalerate . 
Unlike the mitochondrial BCKAD, the cytosolic oxygenase does not require 
CoA and NAD+ . However, Fe2+ is essential for activity . The Km and maximal 
velocity (V max) values for KIC are 0. 32 mM and 1 30 nmol/min/mg protein 
respectively ( 1 98). This is markedly different from the kinetic values for 
mitochondrial BCKAD reported by Paxton & Harris ( 180) , who found a Km of 
15 IJ.M and a V max of 1 .99 IJ.mol/minlmg protein . KMV and KIV do not serve as 
substrates for the cytosolic oxygenase, but a-keto-"Y-methiolbutyrate 
(ketomethionine) is actively decarboxylated to form a product unidentified at 
this time. Together with the specific leucine (methionine) aminotransferase in 
rat liver mitochondria, KIC-oxygenase provides an alternate pathway for 
leucine catabolism. It has been estimted that about 1 5% of the KIC oxidizing 
capacity of rat liver is due to this oxidase ( 145). 

REGULATION The activity of BCKAD, unlike that of BCAAT, is highly 
regulated. This is accomplished through a reversible phosphorylation (inactiva­
tion)-dephosphorylation (activation) mechanism similar to that for PDH. Kine­
tic studies indicated that BCKAD is associated with two regulatory proteins, a 
tightly bound protein kinase and a loosely bound phosphatase ( 1 9 1). More 
recently, Paxton & Harris ( 180) used sodium dodecylsulfate-polyacrylamide 
gel electrophoresis with purified rabbit liver BCKAD to detect a band that has 
an Mr identical to the PDH kinase. Whether this band actually represents the 
BCKAD kinase remains to be determined. 

In 1 972, Johnson & Connelly ( 1 1 5) showed that ATP could inhibit the 
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4 16 HARPER, MILLER & BLOCK 

activity of partially purified BCKAD from bovine liver. Subsequently, A TP­
mediated inhibition of rat heart (171) , skeletal muscle (164, 165) , and kidney 
( 125) BCKAD were reported. The BCKAD complex was shown by Parker & 
Randle ( 170, 172) to exist in active and inactive forms. In 198 1 ,  Hughes & 
Halestrap ( 102) demonstrated phosphorylation of the Mr=48,000 protein 
(Elba) of BCKAD from heart , liver, and kidney. There have since been other 
reports of 32p incorporation into the Elba subunit of BCKAD from liver ( 174, 
180) , kidney ( 1 26 ,  163) , and perfused heart (30). Correlations between the 
degree of phosphorylation and the level of BCKAD activity have been 
observed ( 19 1). Certain serine residues in the Elba protein are phosphorylated; 
recently, Lau et al ( 127) and Cook et al (42) showed that there are at least three 
phosphorylation sites on the Elba subunit of bovine kidney BCKAD. The Ela 
subunit of PDH also has three sites of phosphorylation ( 192). Cook et al (42) 
reported that phosphorylation at one site results in total inactivation of 
BCKAD. In contrast , Lau et al ( 1 27) reported that total inactivation of BCKAD 
requires phosphorylation at more than one site. 

Various attempts have been made to measure the activation state ofBCKAD. 
The methods involve full activation of the enzyme (i .e .  near-complete dephos­
phorylation); the ratio of basal to fully active enzyme is termed the activation 
state . To attain fully activated complex, preincubation with buffer ( 18 ,  177) or 
treatment with nonspecific phosphatases (77) have been used. 

Among amino acid-degrading enzymes, only BCKAD and phenylalanine 
hydroxylase are regulated by phosphorylation-dephosphorylation mechan­
isms. Alteration of the phosphorylation state permits rapid modulation of 
enzyme activity. The inactivation-activation systems for the two enzymes are 
distinctly different: phosphorylation activates phenylalanine hydroxylase but 
inactivates BCKAD. Also, phenylalanine hydroxylase is phosphorylated by a 
cAMP-dependent process, but BCKAD is not (87). Most other amino acid­
degrading enzymes show adaptive responses (induction) in conditions that 
increase the demand for gluconeogenesis .  These responses, which result in 
changes in enzyme contents, occur slowly and act as a course control for 
enzyme activity. 

In addition to control by phosphorylation, BCKAD activity is modulated by 
end-product inhibition. Products of the BCKAD reaction, NADH and bran­
ched-chain acyl-CoA derivatives, are competitive inhibitors of the complex 
( 170, 184) . The ratios ofNADH to NAD+ and acyl-CoA to CoA are believed to 
controIthe flux of BCKA through the BCKAD (24, 43 , 44, 144, 167 , 173 , 227 , 
238). Stimulation of BCAA oxidation by camitine is believed to be due to the 
efflux of acylcamitines from the mitochondria ( 1 44) . 

Recently, there have been reports of BCKAD regulation by unique protein 
factors . Paul & Adibi ( 178 , 179) have described a cytosolic macromolecular 
skeletal muscle factor that activates hepatic BCKAD, presumably by stimulat-
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BCAA AND BCKA METABOLISM 417 

ing the BCKAD phosphatase. The physiological significance of this muscle 
factor is questionable, however, as barriers exist for transport of proteins across 
membranes. Randle and coworkers (58, 191) reported that high-speed super­
natant fractions prepared from rat liver or kidney mitochondria activate phos­
phorylated ox-kidney BCKAD without causing dephosphorylation. In addition 
to the control mechanisms described above, this mitochondrial "activator 
protein" may play a role in regulating BCKAD activity in vivo. 

Maximum activity values for BCKAD in different tissues are listed in Table 
1. Owing to the variation in V max values reported by different investigators, 
values are given as ranges. A plausible explanation for this variation is that 
differing degrees of phosphorylation may occur during tissue preparation. 
Variability may also be caused by differences in the compositions of the assay 
media used by different investigators, e .g .  in the contents of CoA, NAD+, 
thiamin pyrophosphate , lipoate , Mg2+, inorganic phosphate, and EDTA. 
Also, BCKAD is located within the mitochondrion, so transport of substrate 
and cofactors across the outer and inner mitochondrial membrane is required. 
To exclude the process of transport and attain true V max values, two methods 
have been employed: (a) bursting mitochondrial membranes by freeze­
thawing, sonication, or use of detergents; and (b) swelling mitochondrial 
membranes by including 2-3 mM calcium in the medium. We have used 
calcium to swell mitochondrial membranes of liver and successfully bypass the 
transport barrier ( 1 8, 240). Any perturbation of the mitochondrial membrane of 
skeletal muscle (detergents, freeze-thawing, or calcium) results in loss of 
activity (165 , 177, 227; P. H .  Crowell and A. E. Harper, unpublished results) . 
Therefore, true V max activities may not yet be available for some tissues, 
especially muscle. 

MET ABOLISM OF BCAA AND BCKA IN DIFFERENT 

ORGANS AND TISSUES 

In the early 1 960s, it was shown that BCAA, unlike other indispensible amino 
acids, are oxidized extensively by peripheral tissues (152). In hepatectomized 
dogs, the concentrations of most indispensible amino acids rose steadily, but 
BCAA concentrations did not (148) . These and similar observations in rat 
studies ( 10  I), measurements of amino acid uptake across organs (19) , and 
studies of the distribution of BCAAT (110, 205) have demonstrated that liver 
has less capacity than peripheral tissues to degrade BCAA. Nonetheless, 
perfused liver was found by Miller (152) to be 30-50% as effective as the 
eviscerated carcass in oxidizing [U-14C]leucine added to the medium. Also, 
Noda & Ichihara ( l 61) reported that ligation of the blood vessels to the liver 
depressed the amount of 14C02 expired by rats injected with [U-14C]leucine by 
about 40%, while 14C02 expiration in those injected with [U-14C]lysine or 
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41 8  HARPER, MILLER & BLOCK 

[l_14C]tyrosine was almost completely suppressed. Blackshear et al ( 1 7) 
observed dramatic increases in plasma amino acid concentrations 30 min after 
removal of the liver from the circulatory system of the rat; however, BCAA 
concentrations rose less than did those of many other amino acids. These results 
indicate that despite the importance of peripheral tissues, liver participates 
actively in BCAA degradation. 

In view of the differences in the activities of BCAA T and BCKAD among 
organs, rates of degradation of both BCAA and BCKA may be expected to vary 
from organ to organ. In efforts to establish the relative contributions of different 
organs and tissues to overall BCAA metabolism, the degrading capabilities of 
both disrupted preparations (tissue homogenates, isolated mitochondria, and 
purified enzymes) and intact preparations (slices, organ perfusions, and iso­
lated cells) have been investigated. In vitro assays on disrupted tissue prepara­
tions should represent maximum activities because they are not ordinarily 
limited by substrate concentration or, except for assays done with mitochon­
dria, by transport of substrate to the site of enzyme activity. Separate measure­
ments of BCAA T and BCKAD activities under such conditions should permit 
identification of the more rate-limiting of the initial steps of BCAA degradation 
in the tissue and, from knowledge of organ size, calculation of the enzymatic 
capacity of the organ. Most measurements of BCKAD, however, were made 
before it was known that the enzyme exists in active and inactive forms, so it is 
unclear how closely they reflect the activity of the enzyme in vivo. In experi­
ments with intact tissue preparations, the ability of a tissue to oxidize BCAA is 
usually measured without drastic modification of transport systems, enzymes, 
intracellular relationships, or physiological concentrations of substrates. Pre­
parations of this type from liver, kidney, skeletal muscle, adipose tissue, 
pancreas, stomach ( 1 1 1 ), diaphragm, heart (26), skin fibroblasts (47), and 
brain and nerve tissue (35) degrade BCAA actively. Comparisons between 
results obtained with disrupted and intact tissue preparations can be made for 
liver, skeletal muscle, heart, and kidney because for each of these, values have 
been reported for homogenates, tissue slices, and perfusions. 

Enzyme Activities Determined on 
D isrupted Tissue Preparations 

Values for BCAAT and BCKAD shown in Table 1 for disrupted preparations 
should represent maximum values. In liver, BCKAD activity is high (77, 1 73, 
205 , 240), and BCAAT activity is relatively low (32, 205); therefore, BCAAT 
is more rate-limiting than BCKAD. Conversely, BCKAD is more rate-limiting 
in skeletal muscle (227, 228) than BCAA T (32) . Heart has very high BCAA T 
activity (32) and substantial BCKAD activity (23 , 77, 228) . In kidney as in 
heart, activities of both BCAAT (32) and BCKAD are high (23, 77) . Interest­
ingly, BCKA oxidation measured in heart during perfusion with a saturating 
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BCAA AND BCKA METABOLISM 419  

concentration of KIC was 550-800 nmollmin/g t issue , while with a saturating 
concentration of KIV, it was 1000 nmollmin/g t issue (24, 200), values much 
higher than those reported for disrupted t issue preparations (Table I). These 
results suggest that the enzyme became more fully activated during the perfu­
sions (see discussion on isoleucine and valine antagonism). 

Rates of Metabolism of BCAA and BCKA in Intact Tissues 

Measurements of rates of oxidation ofL- [ 1-14C]leucine or L-[ 1-14C]valine that 
use intact tissue preparations with physiological concentrations of amino acids 
should provide reasonable estimates of the contributions of different t issues to 
total body BCAA oxidation . Also, from results obtained with the use of 
different concentrations of BCAA with such preparations , the validity of 
assumptions about BCAA metabolism based on enzyme measurements can be 
evaluated. 

Liver slices, isolated hepatocytes, and perfused liver of the rat (Table 1) 
oxidize 0. 1- 1 .0 mM L-[I-'4C]leucine at rates of 1 .5-20 nmollmin!g tissue (45, 
96, 1 64, 1 73, 1 86, 2 1 8) .  Skeletal muscle (hindquarter preparations) ,  with high 
BCAAT and low BCKAD activities , i .e .  the reverse of liver, oxidizes 0. 1-0.5  
mM L-[ 1- 14C]leucine at rates between 0.2 and 7 .5  nmollmin/g t issue ( 103, 
106, 2 1 8) .  Heart (slices and perfused organ) ,  with high BCAAT and BCKAD 
activities , oxidizes 0. 1-0 .5  mM L-[ l-14C]leucine at rates between 2 . 5  and 10 .2  
nmollmin/g t issue (25, 26, 1 99, 200, 226). Perfused kidney oxidizes 0.2-1 .0 
mM L-[ 1-14C]valine at rates between 1 . 1  and 28 nmollmin/g tissue (R. H .  
Miller and A .  E. Harper, unpublished results).  Oxidation rates of all of these 
intact t issues with physiological concentrations of substrate are similar despite 
their substantially different enzyme activities . This implies that factors other 
than enzyme concentrations , such as substrate and amino-acceptor concentra­
tions , acyl-CoA to CoA and NADH to NAD+ ratios ,  enzyme activation! 
inactivation, and transport, must influence flux through the BCAA catabolic 
pathway within t issues. 

Also, with heart (26), skeletal muscle (2 1 8, 244), and adipose t issue (70), 
the rate of oxidation of [ 1-14C]KIV (ketovaline) usually equals or exceeds that 
of [ 1-14C]KIC (ketoleucine) (24, 228), yet the rate of oxidation of L-[I-
14C]leucine is two- to sixfold more than that of an equivalent concentration of 
L-[1- 14C]valine. These differences have been attributed to the fact that the Km 
of the BCAA T is lower for leucine than for valine , with the result that KIV is 
produced less rapidly than KIC (see section on BCAA Aminotransferase) .  

An often-overlooked facet of control of metabolism of amino acids that are 
degraded in many tissues is the extent of blood flow to the different t issues and 
organs of the body. In the human adult , kidneys account for 0.5% of body 
weight and receive 23% of the total cardiac output; the liver, which accounts for 
4% of body weight , receives 28% of the total cardiac output. Skeletal muscle 
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420 HARPER, MILLER & BLOCK 

and adipose tissue receive only 16% and 2-3% of the total cardiac output 
respectively (74). These differential flow rates will influence the quantity of 
substrate reaching tissues and the rate of removal of metabolic products. Also, 
as blood flow is regulated, the rate of flow to certain organs can differ 
considerably in subjects as a result of different nutritional and physiological 
states, e .g. rate of flow to muscle during rest vs exercise. Noda & Ichihara 
( 161 )  measured [U-14C]leucine oxidation after ligating the renal arteries of rats 
and concluded that kidney could account for 20% of the leucine oxidized by the 
cortisol-treated rat fed a high-protein diet. Ligation of the blood vessels to the 
liver depressed the amount of leucine oxidized by about 40%. The high blood 
flow rates to the kidney and liver may account in part for the magnitude of these 
effects . In addition, release of BCKA from muscle into blood with subsequent 
uptake by liver may contribute to the importance of liver in whole-body BCAA 
metabolism (103 ,  1 33) . 

When the proportion of body weight represented by each of the various 
tissues and organs is taken into consideration, muscle, which makes up 35-
40% (74) of total body weight" should contribute substantially to total body 
BCAA utilization even if its rate of BCAA metabolism is low. Direct measure­
ments indicate that liver, accounting for 4% of body weight, is a more 
important site of BCAA catabolism than would be assumed on the basis of its 
low BCAAT activity. Tissues such as heart and kidneys, which each account 
for 0 .5% of body weight, probably contribute less to BCAA metabolism than 
their high enzyme activities would suggest. Adipose tissue degrades 0.1-1 .0 
mM L-[ 1-14C]leucine at rates comparable to those observed for heart and 
kidney, 1 .0-1 1 .0 nmoles/minlg tissue (70, 226). Brain, diaphragm, nerve, and 
other tissues oxidize BCAA in vitro at rates comparable to those of the tissues 
discussed above, so all contribute to total BCAA oxidation. 

INTERORGAN RELATIONSHIPS IN BCAA 

AND BCKA METABOLISM 

Upon being taken up into the intracellular pool of a tissue, BCAA are used for 
protein synthesis or undergo transamination to yield BCKA and glutamate. 
BCAA T is present in both the cytosol and the mitochondria, whereas BCKAD 
occurs only in mitochondria, so part of the BCKA formed in the transamination 
reaction may pass from the cytosol into the blood, '  rather than into the 
mitochondria, and be transported to other organs. The nitrogen released during 
catabolism of BCAA in various tissues must be transported to the liver for 
conversion to urea. Interorgan cooperativity is therefore to be anticipated in the 
disposal of both the nitrogen and the carbon of the BCAA. 
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BCAA AND BCKA METABOLISM 421 

Interorgan Cooperativity in the Metabolism of BCAA Nitrogen 

In studies of arterio-venous differences in postabsorptive man, Felig et al (61 )  
observed that BCAA were taken up b y  muscle and that alanine was released in 
an amount in excess of its relative abundance in muscle proteins. The splanch­
nic bed was the major site of removal of alanine ( 1 87) . On the basis of their 
observations, Felig et al (61 )  proposed the existence of a glucose-alanine cycle 
for the shuttling of nitrogen and gluconeogenic substrate from muscle to liver; 
Mallette et al ( 1 37) proposed the existence of the same cycle based on recipro­
cal observations in liver . Marliss et al (141) observed that muscle released 
glutamine as well as alanine. Ruderman & Berger ( 196) used perfused rat 
hindquarter, and Odessey et al ( 166) used rat hemidiaphragm to demonstrate 
that after addition of BCAA to the media, alanine and glutamine were released 
in amounts well in excess of their relative abundance in muscle proteins, thus 
indicating that amino groups from BCAA were being used for synthesis of 
alanine and glutamine. Release of glutamine from human muscle has been 
reported frequently (2, 1 2, 55, 230). With diaphragm from starved rats, 
addition of valine to the medium stimulated release of alanine in excess of that 
observed with diaphragm from fed rats (214) .  Starvation was also shown to 
enhance the oxidation ofleucine by diaphragm ( 164) , which thereby increased 
the amount of nitrogen available for alanine synthesis. 

Felig (60) and Ruderman (195) have discussed in detail synthesis of alanine 
and glutamine in muscle and amino acid exchange across and between tissues. 
The splanchnic bed has been shown to extract alanine and glutamine from the 
circulation, and in subjects in the fed state, BCAA uptake can account for more 
than 50% of the total peripheral amino acid uptake by leg muscle. Recently, 
Haymond & Miles (99) infused [lsN]leucine into postabsorptive man and 
found 28% of the leucine nitrogen in alanine. Galim et al (73) found 30--53% of 
nitrogen from eSN]leucine in alanine in dogs. These in vivo studies have 
demonstrated conclusively that leucine nitrogen is used in alanine formation. 
Using lsN labeling, Golden et al (79) have shown that BCAA donate their 
nitrogen to glutamine in vivo. Also, after infusions of leucine into human 
subjects, glutamine has been found to rise while alanine falls (2, 1 2, 55, 83). 
What determines the ultimate fate of BCAA nitrogen in muscle is not clear. 

How the nitrogen from BCAA is transferred to glutamine has received little 
attention. Because a-ketoglutarate is an effective amino-acceptor for BCAAT, 
BCAA amino groups should be used efficiently to form glutamate, which in the 
presence of pyruvate and the glutamate-pyruvate aminotransferase (GPT) can 
readily pass BCAA amino groups on to form alanine. Golden et al (79), 
however, found that in human subjects who were administered [lsN]valine or 
leucine, the amide nitrogen of glutamine was more greatly enriched with 15N 
than the amino group. For this to occur, the amino group of the BCAA first 
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422 HARPER, MILLER & BLOCK 

must be converted to ammonia. This could occur via the glutamate dehy­
drogenase reaction, but the activity of this enzyme in muscle is very low (237) . 
An alternative possibility is transfer of the amino group of glutamate to 
oxaloacetate to form aspartate, with the aspartate being used in the purine cycle 
for regeneration of AMP from inosinic acid. Lowenstein ( 1 35) has suggested 
that this cycle might function catalytically in the conversion of amino groups 
from amino acids to ammonia. The activity of glutamate-oxalacetate amino­
transferase (GOT) in muscle is as much as 30 times that of GPT, which in turn is 
about 6 times that of BCAAT ( 122). The proposed pathways for transfer of 
nitrogen from BCAA to either alanine or glutamine are shown in Figure 2 .  

In a study of transamination by a muscle preparation in vitro, Cree (46) 
included each of the BCAA in the medium at 0.4 mM , used pyruvate, (X­

ketoglutarate, and oxaloacetate (OAA) at 2.4 mM each as amino-acceptors, 
and monitored formation of alanine, glutamate, and aspartate. Aspartate 
accumulated steadily throughout the experiment, glutamate accumulated dur­
ing the initial 10  min, and little alanine accumulated throughout the entire 30 
min of incubation. Although only low concentrations of OAA are present in 
muscle ( 122), glutamate concentration is 4-10 times that of aspartate; because 
the equilibrium constant of GOT for aspartate formation is 6.52 ( 123) , aspar­
tate formation might therefore be anticipated. Alanine concentration in muscle 
exceeds that of glutamate, which might be expected to inhibit alanine forma­
tion. In fact, Krebs ( 122) reported that glutamine production by rat hindquarter 
preparation increased after alanine was added to the perfusion medium. The 
rates of formation of aspartate and alanine would be influenced by many 
factors, particularly by processes that alter the concentrations of any of the 
compounds participating in these reactions. This complex of reactions might 
account for the variations observed in the relative rates of release of alanine and 
glutamine and in the variable degree of hibeling of alanine and glutamine 
nitrogen with BCAA nitrogen. Transfer of amino groups from BCAA via 
glutamate and aspartate to IMP with their subsequent release from AMP ( 1 35) 
would provide a pathway for conversion of BCAA amino-N to ammonia and 
hence to the amide-N of glutamine, which is released into blood in vivo along 
with alanine. 

The source of carbon for de novo synthesis of alanine in muscle has been 
disputed. Pyruvate from glycolysis has been claimed by several groups to be 
the source of alanine carbon (60, 78, 1 95); others have proposed that plasma 
and tissue amino acids provide carbon for alanine synthesis (75, 76, 2 1 3) .  The 
carbon for glutamine synthesis is considered to come primarily from amino 
acids (78,195). Using [U-14C]valine, Hutson & Zapalowski (105) did not find 
significant amounts of 14C in either alanine or glutamine in the free amino acid 
pool, but 14C from leucine, which is ketogenic and cannot give rise to net 
synthesis of glutamate, was readily incorporated into glutamate and glutamine, 
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presumably via the tricarboxylic acid (TCA) cycle. BCAA apparently do not 
contribute significantly to either alanine or glutamine carbon-skeleton forma­
tion in rat muscle, but a-ketoglutarate from the TCA cycle does. Whatever 
the carbon source for their formation, alanine and glutamine provide a shut­
tle for transfer of BCAA nitrogen from muscle to liver for urea formation 
( 137). Glutamine serves as an energy source for the small intestine (239) 
and as a source of ammonia and a substrate for glucose formation in kidney 
(l00) . 

Interorgan Cooperativity in the Metabolism of BCAA Carbon 

It is clear from tissue analyses that BCAA and BCKA do not accumulate to high 
concentrations in tissues ( 104, 133), so any excess must be oxidized or released 
into the blood. During perfusions of rat hindquarter ( 103, 106) , heart ( 1 99), 
and kidney ( 153) with media containing concentrations of BCAA in the 
physiological range, BCKA were released into the perfusate. When fat pads 
(226) , muscle ( 120) , heart (226), kidney (49), diaphragm (205, 228), or brain 
slices (203, 205) were incubated with physiological concentrations of leucine, 
KIC accumulated in the media. BCKA are present in blood of rats ( 104, 1 33), 
dogs (3 , 148) , and humans (2, 1 18,  1 89, 202). Also, j3-hydroxyisobutyrate, a 
metabolite of valine degradation, is released during perfusion of rat hindquarter 
(217) and heart ( 1 82) . All of these studies indicate that BCKA and some other 
BCAA metabolites are released into the blood, media, or perfusate by tissues; 
further, in the rat, blood concentrations exceed those in tissues. 

Release of BCKA into the extracellular fluid might be anticipated if the rate 
of BCAA transamination in a tissue greatly exceeds that of BCKA oxidation. 
Under these conditions, BCKA would also be expected to accumulate within 
the cells, but this does not occur even in muscle, where the ratio of aminotrans­
ferase to dehydrogenase is the highest of any tissue examined. In fact, the rate 
of oxidation of leucine by the rat hindquarter increased roughly fivefold when 
perfusate leucine concentration was increased from 0. 1 to 0.5 mM, but BCKA 
were still released into the medium. This suggests that BCKA may be trans­
ported specifically out of the tissue. The discovery that albumin has binding 
sites for BCKA ( 1 32 ,  1 34, 1 60) suggests that albumin binding can serve as a 
mechanism for concentrating BCKA in plasma and may explain the gradient 
between blood and tissues ( 1 34, 160) . 

The contributions of different tissues to the plasma BCKA pool are not 
known. The mass of the tissues, the quantities of BCAAT and BCKAD they 
contain, and blood flow to the tissues would all influence the contributions. 
Because of its large mass and high BCAAT activity, skeletal muscle would be 
expected to provide the bulk of the BCKA in the circulation. In view of the 
release of BCKA by tissue preparations, accumulation of BCKA in blood, and 
the high BCKAD activity of liver, Harper and coworkers (94, 95) proposed that 
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Q) 
c:: 

DIETARY 
PROTEIN 

• 
LIVER 

MUSCLE 

Figure 2 Interorgan cooperativity in the metabolism of BCAA carbon and nitrogen. 

interorgan cooperation is involved in the metabolism not only of the nitrogen 
but also of the carbon of the BCAA. 

Evidence of Interorgan Relationships in BCAA and BCKA 
Metabolism 

Evidence supporting the concept of interorgan relationships in BCAA and 
BCKA metabolism has been accumulating (see Figure 2). Hutson & l!arper 
(104) observed that BCKA concentrations in rat plasma and tissues are respon­
sive to changes in nutritional and metabolic states. Livesey & Lund (133) 
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determined that liver could extract a quantity of BCKA equivalent to that 
released by muscle . Several investigators ( 1 10,  1 36, 238) have demonstrated 
that isolated hepatocytes can readily convert KIC to ketone bodies . Recently , 
Matthews et al ( 143) demonstrated a direct linear relationship in humans 
between increasing plasma concentrations of BCAA and those of their respec­
tive keto acids. Pozefsky & Walser ( 189) demonstrated that 52% of the KIC 
infused into six men in the postabsorptive state was extracted in a single pass 
across forearm muscle and that the leucine released could account for 3 1  % of 
the KIC extracted. Abumrad et al (3) used postabsorptive dogs with implanted 
venous catheters and demonstrated that after infusion of KIC into the gut , 
roughly 59% of the absorbed KIC was taken up by the liver; one-third of this 
was transaminated to leucine. There was also an increase in ketone body 
production. Over 80% of the KIC extracted by kidneys was released as leucine. 
The ability of tissues to reaminate BCKA and release the respective amino 
acids has also been shown in vitro using rat brain , heart , and kidney slices (23) , 
and perfused rat hindquarter ( 1 03) ,  liver (233),  and kidney ( 155). This ability 
of tissues to reaminate BCKA provides the basis for treating renal disease 
patients with BCKA as a means of reducing the nitrogen load that must be 
cleared by the kidney (232). 

Nissen & Haymond ( 159) measured radioactivity in transamination products 
after simultaneous infusion of tracer doses of L-[4 ,5-3H]leucine and [U-
14C]KIC into postabsorptive dogs and demonstrated interconversion of leucine 
to KIC and vice versa. Their results suggest a two-pool reversible model 
whereby nearly 80% of the total leucine carbon entering the circulation is 
converted to KIC, of which 66% is subsequently reaminated . Matthews et al 
( 142) determined the fate OfL-[I-13C, 15N]Ieucine infused into postabsorptive 
humans and demonstrated that the rate of irreversible loss of leucine (oxidation 
of KIC) was only 9% of the leucine flux, while reamination of KIC to leucine 
was 9 1  % of the flux. These values changed slightly when subjects were fed; 
2 1  % of the flux was oxidized , and 79% was reaminated . In dogs , 15N from 
[15N]leucine was found in valine, isoleucine, and alanine in blood (73) .  These 
results suggest that cycling of BCAA carbon skeletons via transamination­
reamination is much more extensive than irreversible decarboxylation but that 
this depends on BCAA intake . In other experiments on humans (99 , 143 , 189), 
substantial recycling of leucine carbon via transamination-reamination has 
been observed. 

Although considerable evidence indicates that extensive cycling of BCAA 
and BCKA occurs in rats , dogs , and humans , a question has been raised as to 
whether skeletal muscle is as important in interorgan relationships in human 
BCAA metabolism as in the BCAA metabolism of the rat (2,  55). Human 
muscle contains 60% of the total body BCKA dehydrogenase, while rat muscle 
contains 10-30% (I l l ,  1 19 ,  228); however , this is mainly because the activity 
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426 HARPER, MILLER & BLOCK 

in human liver is low, not because that in muscle is high. Although a greater 
proportion of BCKA may be oxidized in human than in rat muscle, BCKA are 
released from human muscle and circulate in the blood. 

Results obtained with stable isotopes indicate that cycling of BCAA and 
BCKA is a substantial component of interorgan relationships in the metabolism 
of the BCAA. Reamination of BCKA, with transport of both substrate and 
product among tissues, can serve as a mechanism for conservation of nutri­
tionally indispensable BCAA carbon skeletons. 

Estimation of Capacity for BCAA Metabolism In Vivo 

The values in Table 1 clearly demonstrate that activity of BCAAT exceeds that 
of BCKAD in tissues other than liver. If, on the basis of these measurements, 
we accept that BCKAD is the rate-limiting enzyme for BCAA metabolism in 
the body as a whole, we can then compare estimates of whole-body capacity for 
BCAA metabolism based on (a) maximum BCKAD activities; (b) rates of 
oxidation of BCAA by intact tissues; and (c) rates of oxidation of BCAA in 
vivo. 

Based on estimates of maximum BCKADactivities (Table 1 ) ,  the BCAA 
oxidizing capacity of a 100-g rat is 35�810 j.LmoVhr (191). These are con­
servative estimates, as the degree of activation of BCKAD under different 
conditions in vivo remains to be established. Moreover, although all tissues 
tested to date have BCKAD activity, only muscle, liver, kidney, heart, and 
brain were included in calculating the potential capacity; the values therefore 
underestimate the true total oxidizing capacity of the rat. 

Results from studies done with intact tissue systems allow for another means 
of estimating total-body BCAA oxidative capacity. A limitation of the method 
is its inability to estimate the contributions of all tissues and the influence of 
blood flow rates on overall BCAA metabolism; the accuracy of the estimates 
produced is therefore also limited. Nonetheless, if we accept the range of 
0 .1-0.5 mM leucine as within physiological concentrations and if we accept 
the oxidation rates reported in Table 1 for liver, muscle, heart, and kidney, and 
the estimates for tissues for which oxidation measurements are available (e.g. 
adipose tissue, brain, stomach and intestine), we obtain oxidation rates of 3-26 
j.Lmollhr/lOO g body wt. These values are from 0.4 to 8% of the total body 
capacity estimate based on maximum enzyme activities. 

Another consideration in estimating the capacity of intact tissues for BCAA 
oxidation is interorgan relationships in BCAA metabolism. Assuming that all 
of the KIC released from muscle at leucine concentrations of 0.1-0.5  mM , 

reported to be 0.9-15 j.Lmol/hr/lOO g body wt (103), is removed from the 
circulation and oxidized by the liver ( 1 33), the estimated rate of whole-body 
leucine oxidation would increase to 4-51 j.Lmol/hr/l00 g body wt. 

There have been few studies ofBCAA oxidation in vivo. In a study with rats, 

A
nn

u.
 R

ev
. N

ut
r.

 1
98

4.
4:

40
9-

45
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 T
ex

as
 S

ta
te

 U
ni

ve
rs

ity
 -

 S
an

 M
ar

co
s 

on
 0

1/
04

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



BCAA AND BCKA METABOLISM 427 

the rate of oxidation of L-[1-14C]leucine' increased dramatically after the 
leucine requirement of approximately 0 .75% of the diet had been met (89) . 
With leucine intakes of 0-0.6% of the diet, oxidation rates were 2 .5-3 .3  
IJ.mollhr/IOO g body wt; with leucine intakes equivalent to that of a chow-fed rat 
(20% of protein, 2% of leucine in the diet) , the oxidation rate was 83 IJ.mol/hr/ 
100 g body wt. In a study of valine oxidation with rats consuming a low-protein 
diet containing 1 % of valine, the rate of oxidation ofL-[1-14C]valine was about 
13 .3  IJ.mollhr/lOO g body wt (18). The rate of oxidation of BCAA in vivo thus 
depends upon BCAA intake and ranges from 3-83 IJ.mollbr/ lOO g body wt. The 
agreement between this estimate and that based on measurement of intact 
tissues of 4-51 IJ.mollhr/100 g body wt is reasonably satisfactory despite the 
limitations of the procedure. Estimates of total BCAA oxidation capacity based 
on maximum BCKAD activities of rat tissues would be valid only if BCAA 
concentrations were greatly in excess of those ordinarily present in tissues. 

Work by Meguid et al (150) allows for similar calculations of in vivo 
oxidation rates for human sUbjects. Oxidation rates fOfL-[1-13C]leucine ranged 
from 0 .7  IJ.mol/hr/ l OO g body wt at low leucine intakes (4 mg/kg/day) to 3 . 2  
IJ.mol/hr/IOO g body wt  at high leucine intakes (80 mg/kglday) . Rates of 
oxidation of L-[1_13C]valine were 0.5 IJ.mollhr/ lOO g body wt at low valine 
intakes (4 mg/kg/day), 0 .7 IJ.mollhr/ l OO g body wt at approximately the valine 
requirement (16 mg/kg/day), and 2.1 IJ.mollhr/lOO g body wt at high valine 
intakes (70 mg/kg/day) . So, although rats have 10--100 times the BCKAD 
activity (119) and 5-10 times the BCAAT activity (111) of humans, BCAA 
oxidation rates of both humans and rats are low, 0.7 and 3.0 IJ.mollhr/ l OO g 
body wt respectively, when leucine intake is less than the requirement. These 
low rates of oxidation when leucine intake is low should enable the organism to 
conserve whatever BCAA are available for protein synthesis. 

It appears that rats have a greater oxidative response to increased BCAA 
intake than humans . In the rat, an intake of 2 .7  times the leucine requirement 
(2.0% dietary leucine) caused the oxidation rate to increase 18-fold over the 
rate observed when intake equalled the leucine requirement; in humans, a 
leucine intake of 5 .5  times the requirement caused the oxidation rate to increase 
3- to 5-fold above the rate when intake equalled the leucine requirement. 

EFFECTS OF DIET AND HORMONES 

ON BCAA METABOLISM 

Most of the enzymes of amino acid catabolism that are confined mainly to the 
liver show increased activity in response to increased protein intake (66) . Most 
of these enzymes are also induced to high activity in animals administered 
hormones such as glucagon and cortisol that stimulate gluconeogenesis (185). 
This adaptability of amino acid-degrading enzymes provides a mechanism 
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428 HARPER. MILLER & BLOCK 

whereby the capacity of amino acid-degrading systems can be modulated in 
response to the changing metabolic demands caused by alterations in nutritional 
or endocrine states. Although there have been a number of reports on the effects 
of such treatments on BCAA metabolism and degrading enzymes, there have 
been few methodical investigations of the subject. This may be because the 
responses observed generally have not been consistent and have usually been 
small and were thus considered to be of little physiological significance . 

BCAA Aminotransferase 

DIET Effects of changes in dietary protein content on the activity of BCAAT 
in tissues have been neither striking nor consistent. The two- to threefold 
increase in the activity of liver cytosolic BCAA T II (leucine-specific) in rats fed 
a high-protein (50% or more) diet seems to be well established ( 1 1 2, 1 22 , 207), 
but the response appears to be proportional to dietary protein content only over 
the 25-50% of protein range (207).  The general mitochondrial BCAA T I of 
liver does not appear to increase in activity in response to increasing protein 
intake ( 1 1 2, 1 22 ,  240). The effects of protein deficiency observed have not 
been consistent; decreases ( 146) , increases (34, 1 54) , and no change (209) 
have been reported. 

The situation is similar for kidney BCAA T; no response to a high-protein 
intake was reported in two studies ( 1 12 ,  240) , but modest increases were 
reported in other studies of the rat ( 154) and the chick (59). Similarly . re­
sponses in animals fed low-protein and protein-free diets have been incon­
sistent; no response (7, 209) , a modest increase (34), and a decrease ( 1 54) have 
been observed. The only effects of a high protein intake on BCAAT in muscle 
reported are a modest increase in the rat ( 1 54) and no change in the chick (59) . 
Of the several groups who have studied effects of low-protein or protein-free 
diets on muscle BCAAT, two reported no change (34, 2 10) ,  two reported 
increased activity ( 154, 209), and one reported a decrease (7) . Except for the 
response of BCAA T II of rat liver, changes in BCAA T activity due to diet 
modification have not exceeded 50% of the control value, well below those 
observed for most other amino acid-degrading enzymes. In view of the im­
mense capacity of the organism for BCAA transamination, the physiological 
significance of the BCAA T responses observed is questionable. 

Starvation does not appear to alter liver BCAAT (7,  1 1 2 ,  240). Modest 
increases in kidney BCAA T have been reported (7 . 240) . and in one study (7) a 
rise was observed in muscle BCAA T of rats that were not fed for only one day. 

BCAA T has also been measured in tissues of rats that consumed diets 
containing BCKA in amounts that were approximately double the requirement 
for BCAA (34) and in kidney perfused with 2 mM KIC ( 1 55, 156). BCAAT 
increased about 30% in liver and muscle; the results in kidney were inconsis-
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BCAA AND BCKA METABOLISM 429 

tent, however, as dietary BCKA caused a 30% decrease and perfusion with 
BCKA caused a 30% increase. In rats fed a high-leucine diet, liver BCAAT 
was unaffected; kidney activity rose about 35%, but variability was high (240). 

HORMONES Honnonal effects on the activity of BCAA T have been studied 
only sporadically. The activity of the leucine-specific enzyme II of liver 
increases three- to sixfold in rats injected with 10 mg cortisoi/IOO g body wt 
(112, 207).  BCAAT I of liver does not seem to be altered in animals treated 
with cortisol, and cortisol effects observed in kidney have been small (112, 
154, 240) except for the observation of Shirai & Ichihara (207), who reported a 
threefold increase in kidney BCAAT in cortisol-treated rats and a 50% decline 
after adrenalectomy. A small rise in muscle BCAAT in cortisol-treated rats has 
also been reported (154) . BCAAT increased threefold in kidneys of diabetic 
rats and returned to the basal level when they were treated with insulin, but the 
liver enzyme was unaffected ( 1 12). In rats treated with growth honnone, 
activity of BCAAT in liver fell about 25%; in hypophysectomized rats, it 
increased about 40% in liver and doubled in kidney (207).  

BCKA Dehydrogenase 

Most investigations of effects of diet and honnones on the activity of BCKAD 
were done before much was known about activation of this enzyme. Differ­
ences in incubation time and in the composition of the assay media can 
influence the degree of activation of BCKAD. Also, when measurements of 
BCKAD are made using intact mitochondria, a change in activity may reflect a 
change in the rate of transport of substrate across the mitochondrial membrane 
rather than a change in true enzyme activity. Results of assays of BCKAD 
activity in liver mitochondria in the presence and absence of high concentra­
tions (2. 5  roM) of Ca2+ illustrate this problem (see section on BCKA Dehydro­
genase) . In rats fed a high-protein (50% casein) diet, liver BCKAD activity 
increased; when there was no Ca2+ in the assay medium, the increase was 
between two- and threefold, but when Ca2+ was present, it was five- to sixfold 
(53) .  Hence, infonnation available on BCKAD activity in animals that are in 
different physiological states or that have been subjected to various treatments 
must be viewed with reservation. It is assumed in the discussion below that 
when measurements have been made under unifonn conditions in a single 
study, meaningful comparisons are obtained. 

DIET In the earliest study of effects of dietary protein content (240), liver 
BCKAD activity in the rat was assayed in the presence of Ca2+; a fourfold 
increase was observed when the dietary level of casein was increased from 0 to 
30%. No further increase was observed when dietary protein content was raised 
to 80%. Renal BCKAD did not increase significantly in rats fed the highest 
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dietary level of protein, but because kidney size increased greatly, total kidney 
BCKAD capacity rose significantly. In chicks fed a high-protein (75% soybean 
protein) diet, liver BCKAD was elevated fivefold or more over control values; 
kidney BCKAD, less than twofold; and muscle not at all . The observations on 
hepatic BCKAD responses in rats fed a low-to-adequate level of protein have 
been confirmed (98) . In this study, no effect on kidney or brain BCKAD was 
observed when the dietary protein content was increased from 0 to 22%. The 
full response of mitochondrial BCKAD in liver of rats fed a high-protein diet 
can be measured only if Ca2+ or some other agent that swells the mitochondrial 
membrane is included in the medium, as indicated above. Dixon (52) examined 
the response of the cytosolic leucine (methionine) decarboxylase in rats fed 9 or 
50% casein diets. The cytoplasmic enzyme, representing about 10-15% of 
liver leucine decarboxylating activity (145 , 197) ,  increased about threefold 
when rats were fed the 50% casein diet for five days . An unusual observation 
reported by Hauschildt & Brand (97) is that BCKAD falls to very low activity in 
liver of rats fed low-nitrogen diets in which amino acids have been substituted 
for protein. 

There have been a number of studies of effects on BCKAD activity , particu­
larly with BCKAD in muscle, of feeding rats protein-deficient or protein-free 
diets . In most of these the amino acids leucine or valine were used as substrates 
instead of the a-ketoacids. In the earliest such study, McFarlane & von Holt 
(147) found depressed BCKAD activity in muscle of protein-depleted (2% 
casein for four months) rats . Subsequently, Sketcher et al (209, 2 10) also 
observed that BCKAD activity was depressed in muscle of protein-depleted 
rats on the order of 50% below values for rats fed adequate diets. Reeds (193) 
reported that liver and muscle BCKAD activities,  measured with valine as the 
substrate, were depressed. In assessing BCKAD activity with BCAA as sub­
strate, it is assumed that the supply of substrate for BCKAD is not limited by the 
rate of transamination (205).  In these studies it is not clear whether the actual 
enzyme concentration or the degree of activation of BCKAD has been altered 
(77); nevertheless, the lower BCKAD activities observed are in agreement with 
results from other studies on less severely protein-depleted rats (98 , 240). 

Results of in vivo studies of metabolism of [ l_14C]BCAA done in conjunc­
tion with several of these enzyme studies correspond well with the in vitro 
measurements. In studies in which [ l_14C]BCAA were used (193 , 209, 210) as 
the tracers, oxidation of BCAA by protein-depleted rats was depressed. Sub­
sequently, low rates of oxidation of [ l-14C]valine by hindlimb preparations 
from protein-depleted rats were reported (211) . Neale & WaterIow (157) used 
[U-14C]leucine and found no evidence that rats fed protein-free or low-protein 
diets had the ability to conserve BCAA, which suggested that overall BCAA 
catabolism was not depressed by an inadequate protein intake. Reeds (193) 
however, found that oxidation of [1-14C]valine was depressed in vivo when 
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rats were fed only 2.5% of casein , but that oxidation of [U-14C]valine was not. 
The results of the studies with [1_14C]BCAA have been consistent with the 
enzyme measurements . The difficulties encountered in obtaining meaningful 
measurements of in vivo oxidation rates with [U-14C]BCAA may be the result 
of pool changes or channeling of carbon into alternate pathways ( 1 58 ,  193). 

In an effort to resolve some of these questions , BCKAD activity has been 
measured in our laboratory in liver and muscle of rats fed diets containing 
0-50% of casein for six days (A . E. Harper, S. Soemitro , P. Crowell , and K. P. 
Block, unpublished data) . After six days , BCKAD activity in liver of rats fed 
the 50% casein diet was about threefold that in liver of rats fed a protein-free 
diet, but the degree of activation of the enzyme in liver of rats fed the 
protein-free diet was only about 40%, while it was 75% in liver of rats fed the 
50% casein diet. In contrast, BCKAD activity in muscle did not appear to be 
influenced by protein intake , but in all groups the degree of activation of the 
enzyme complex was only about 1 5 % ,  in agreement with observations by 
Randle et al ( 1 9 1 ) .  Although no change in the activation state of muscle 
BCKAD was detected, any small alteration in the degree of activation would 
have a marked effect on BCAA metabolism in vivo because of the high 
percentage of muscle mass in the body. Gillim et al (77) reported that liver from 
rats fed a low-protein diet contains only one-third as much fully activated 
BCKAD as liver from rats fed a high-protein diet. They also reported that in 
vivo only 30% of BCKAD is in the active form when protein intake is low, 
compared to 100% when protein intake is high (77) . Neither the degree of 
activation nor the fully activated BCKAD in heart was influenced by protein 
intake (77) .  Fully activated BCKAD in kidney was about 20% less in rats fed 
low-protein diets than in those fed high-protein diets , but the degree of activa­
tion in those fed low-protein diets was 55%, compared to 70% in those fed 
high-protein diets (77). 

A number of observations indicate that the activity of liver BCKAD in­
creases in rats fed diets that contain large amounts of individual BCAA or 
BCKA ( 1 8 , 120, 206, 240) . The effect does not seem to be specific for BCAA , 
as similar responses are observed with other amino acids (240). 

The rate of oxidation of leucine in vivo increased when rats were kept 
without food for one day ( 1 5 1 , 209). Diaphragm ( 164) and isolated hindquarter 
preparations 006, 244) from starved rats oxidized leucine and valine at 
increased rates . Oxidation of BCAA by muscle increased between 30% and 
50% in rats starved for five days ( 1 75) ,  and this was associated with increased 
mitochondrial proliferation (6) . In rats kept without food for 48 hours , fully 
activated BCKAD in heart was elevated about 50% , but only 15% of the 
enzyme was in the active form (77) .  BCKAD activity in liver increased more 
than twofold when rats fed a low-protein diet were starved for one day, but 
activity in kidney was unaffected (240) . Little effect of starvation was observed 
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432 HARPER, MILLER & BLOCK 

on the fully activated BCKAD or the extent of activation in either liver or 
kidney (77). These observations with kidney are in accord with those of 
Wohlhueter (240), but the observations with liver are not . A stimulative effect 
of starvation was observed in the earlier study (240); however, in that study, 
rats were fed a low-protein diet in which BCKAD in liver is now known to be 
only 30% active (77). The lack of effect observed subsequently was in rats fed 
an adequate diet in which liver BCKAD was already fully activated (77). 

HORMONES The activity of BCKAD in diaphragm (27) ,  skeletal muscle , 
kidney ( 1 76) , and liver ( 145) of diabetic rats is elevated . The increased activity 
in liver appears to be associated with mitochondrial proliferation ( 145) . The 
rates of both KIC oxidation are elevated in perfused rat hindquarter from 
diabetic rats (244) . The rate is depressed by addition of acetoacetate to the 
perfusion medium , just as it is in isolated skeletal muscle ( 1 76). Paul & Adibi 
( 1 77) reported that diabetes did not alter the activity of fully activated BCKAD 
in either liver or skeletal muscle in rats , but in diabetic rats the enzyme was 80% 
activated compared with only 40% in controls . Fully activated BCKAD activi­
ties in kidney and heart of diabetic rats differ little from those of controls ; the 
degree of activation in kidney was 75%, the same for both diabetic and 
non-diabetic rats , and BCKAD in heart was 25% active in diabetics , compared 
to 50% for controls (77) . 

Goodman and associates (80) have observed that growth hormone increases 
leucine oxidation by adipose tissue preparations from hypophysectomized rats , 
but when the hormone is administered chronically to hypophysectomized rats , 
it has little effect . They have also observed that incubation of adipose tissue 
with insulin activates BCKAD within 60 min and causes a reduction in the Km 
(69) .  In adipose tissue isolated from rats after hypophysectomy and thyroidec­
tomy, but not adrenalectomy, the rate of leucine oxidation was doubled (40). 
Administration of the appropriate hormones restored the rate to control values . 
Sullivan et al (2 1 9) reported a marked but transient increase in BCKAD in rat 
liver mitochondria in hypophysectomized rats . The magnitude of the increase 
was different for each BCAA , both initially and after the activities became 
stable at new steady states three weeks later. The authors suggested that these 
observations could be explained by the presence of three decarboxylases in the 
mitochondria or by the occurrence of unusual allosteric changes in the enzyme. 

In perfused rat liver, epinephrine caused a significant but transient depress­
ion of BCKA oxidation associated with a reduction of the mitochondrial 
pyridine nucleotide oxidation-reduction state; the size ofthe effect depended on 
the concentration of calcium in the medium (29). Epinephrine stimulated 
BCAA oxidation by perfused heart from fed or starved rats unless glucose was 
added to the medium (25) .  It also stimulated oxidation of BCAA by diaphragm 
from starved rats , but not from fed rats . Glucagon stimulated BCAA oxidation 
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by perfused hearts from starved rats , but not from fed rats; it did not affect 
oxidation of BCAA by diaphragm. 

Observed effects of dietary and hormonal treatments on the activities in 
animals of BCAAT and BCKAD, the initial two enzymes in the pathway for 
BCAA catabolism, have not been entirely consistent. They do nevertheless 
reveal that these enzymes are much less responsive to dietary and hormonal 
manipulations than. are most other amino acid-degrading enzymes . The en­
zymes also differ from most of the rate-limiting enzymes for degradation of 
.other indispensable amino acids in that (a) they are not confined to the liver but 
are distributed widely throughout the body, (b) the initial reaction is a readily 
reversible transamination, and (c) the catalyst for the subsequent irreversible 
oxidative decarboxylation, BCKAD;'which is rate-limiting in most tissues, 
exists in both active and inactive forms. Enzyme adaptation or induction would 
therefore appear to be much less important in controlling flux through the 
BCAA catabolic pathway than (a) the rate of BCAA transamination, which 
controls the supply of substrate for BCKAD, (b) the rate of transport of BCKA 
or BCAA into mitochondria, and (c) regulation of the degree of activation of 
BCKAD. There is sparse information about the extent to which dietary and 
endocrine treatments modify the degree of activation of BCKAD, but the 
limited evidence available indicates that it can be affected by both the endocrine 
and nutritional state of the organism and by substrate supply and that the 
responses are different in different organs . 

BLOOD AND TISSUE BCAA CONCENTRATIONS 

Diet composition, endocrine state, and various pathologic conditions can 
influence plasma and tissue BCAA concentrations in mammals . Changes in 
patients with trauma, injury, sepsis, and cirrhosis have been examined as 
possible indexes of metabolic state and for their prognostic value. In general , 
plasma BCAA concentrations are low in cirrhotic, traumatized, and septic 
patients . It is difficult to identify changes as characteristic of specific condi­
tions because differences in the nutritional and pathologic states of individual 
patients influence amino acid patterns. This subject has been reviewed (10, 67 , 
72, 121) and will not be discussed here except for an observation by Furst et al 
(72) that appears unique. In sepsis and severe injury, BCAA accumulate in 
muscle but decline in plasma. This causes plasma and muscle BCAA concen­
trations to shift in opposite directions rather than in the same direction as is 
usually observed. These changes suggest that transport of, or the transport 
system for, large neutral amino acids is impaired under these conditions (12 1 ) .  

Plasma BCAA concentrations in mammals tend to be directly proportional to 
protein intake. Frame (65) noted in 1958 that in human subjects who had 
consumed a high-protein meal, plasma amino acid concentrations generally 
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434 HARPER, MILLER & BLOCK 

were elevated but BCAA concentrations were elevated disproportionately. 
Shortly thereafter, Arroyave, as well as Holt and associates,  reported that 
plasma concentrations of BCAA were unduly diminished in children suffering 
from protein-calorie malnutrition (see Ref. 235 for review).  It was thought that 
these changes might be of diagnostic value in this condition (235) . Since then, 
many observations in laboratory animals and human subjects (4, 63) have 
confirmed that BCAA concentrations in plasma decline after consumption of a 
protein-free or low-protein diet and rise disproportionately in both plasma and 
muscle after consumption of a high-protein diet (93). Of particular interest is 
the observation that plasma concentrations of BCAA remain elevated after 
animals adjust to a high-protein diet. Concentrations of most other amino acids 
decline toward control values after animals have adjusted to a high-protein diet 
(11, 93) , and this suggests that the capacity for BCAA degradation may be 
exceeded when protein intake is high. Adaptive responses of most amino 
acid-degrading enzymes occur when animals are fed a high-protein diet, but 
BCAA-degrading enzymes respond little. Despite this, calculations of total 
BCAA-degrading capacity indicate it is unlikely that enzyme activity would 
become limiting (see section on Estimation of Capacity for BCAA Metabolism 
In Vivo). The BCAA intake of a 150-g rat increases by about 5000 f.lmol when 
the protein content of the diet is increased from 20 to 50%, yet the increase in 
the body BCAA pool is only about 100 f.lmol. It therefore appears that some 
factor other than limited oxidative capacity is responsible for the elevated 
BCAA pools of rats adapted to high protein intakes. Under conditions of high 
protein intake and with the ready reversibility of the BCAA aminotransferase 
reaction ( 122), high tissue glutamate and BCAA concentrations may result in 
considerable reamination of BCKA (142) and therefore in elevated steady-state 
concentrations of BCAA. 

Plasma and muscle BCAA concentrations in both human subjects and 
laboratory animals are also elevated during starvation (4, 72,  104) . Prolonging 
starvation for two weeks results in a subsequent decline of plasma BCAA 
concentrations toward basal values in human adults (4). Even a short period of 
fasting reduces circulating insulin concentration and increases glucagon con­
centration while proteolytic degradation of muscle provides amino acids for 
gluconeogenesis (188). Insulin addition stimulated uptake and oxidation of 
leucine by isolated perfused hindquarter from starved rats (106) . Insulin infu­
sions depressed plasma BCAA concentrations in dogs starved for 18 hr (1) and 
in fasted human subjects (140) . These observations indicate that changes in the 
amount of insulin in the circulation are important in regulating both the free 
pools and the metabolism of BCAA. 

The effects of insulin have some bearing on the lack of relationship between 
changes in BCAA pool size and changes in BCKAD activity in starvation. The 
observations that increased pool size is accompanied by increased BCKAD 
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dehydrogenase activity and increased BCAA oxidation in muscle in vitro and in 
the isolated rat hindquarter seem anomalous. However, the plasma pool might 
be expected to expand despite the increased capacity for BCAA oxidation if 
uptake of BCAA by muscle is depressed by low circulating insulin concentra­
tion during starvation. As the muscle BCAA pool increases in starved animals, 
presumably from accumulating amino acids released by muscle proteolysis, an 
expansion of the plasma pool could readily be accompanied by an elevated rate 
of BCAA oxidation. Nissen & Haymond ( 1 59) used infusions of leucine 
labeled with either of two different stable isotopes in dogs starved for 96 hours , 
and found that the oxidation rate decreased between 14 and 96 hours of 
starvation . This suggests that in prolonged starvation , decreased muscle de­
gradation causes a decrease in pool size, which results in depressed BCAA 
oxidation and increased conservation. 

Elia et al (54) also observed that leucine clearance was prolonged in human 
subjects after four days of starvation . The plasma pool of BCAA was elevated 
throughout the four days, which suggested to the authors , as to Sherwin (204), 
that elevated plasma BCAA pools are associated with depressed BCAA oxida­
tion. 

It has been known since 1958 that plasma BCAA pools are elevated in 
diabetic humans and animals ( 10, 15 ,  17 ,  54) . Plasma BCKA pools are also 
elevated in diabetic humans and animals ( 1 04, 20 1 ) .  Pools of BCAA and 
BCKA in muscle are elevated in diabetic rats ( 1 04). Administration of insulin 
restores the BCAA pools to basal values in human subjects ( 1 5 ,  20 1 ) , and 
plasma BCAA concentrations are low in patients with insulinomas ( 15) .  A 
highly significant correlation was observed between blood glucose and BCAA 
concentrations in studies of these patients, which suggested that, in diabetes as 
in starvation, there is an inverse relationship between circulating insulin con­
centrations and blood BCAA concentrations .  In diabetic and starved animals, 
elevated plasma and muscle pools seem incompatible with elevated rates of 
BCAA oxidation by skeletal muscle ( 1 76) and elevated BCKAD activity in 
liver ( 1 45) .  Control of BCAA entry into muscle by insulin may contribute 
toward an explanation for this incongruity, as it seems to in the case of 
starvation. If low circulating insulin concentrations curtail uptake of BCAA by 
muscle, plasma BCAA concentrations might rise while muscle protein de­
gradation contributes to BCAA accumulation. Increased oxidation might then 
occur in this tissue without causing depressed plasma BCAA pools .  

BCAA ANTAGONISM 

Interactions among the BCAA themselves can lead to changes in plasma and 
tissue BCAA pools .  In particular, high intakes of leucine by human subjects or 
animals depress valine and isoleucine concentrations in blood and muscle. 
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These responses appear to be an important component of a BCAA antagonism 
observed in animals. 

A leucine-induced BCAA antagonism was first observed in animals in 1954, 
when addition of3% ofL-leucine to a low-protein (9% casein) diet was found to 
cause marked growth depression in rats that could be partially overcome by a 
supplement of isoleucine (91 ) .  Subsequently, Benton et al ( 14) observed that 
the growth depression caused by addition of 3% leucine to the diet was'largely 
overcome when supplements of both isoleucine and valine were provided. 
These observations indicated that excess leucine increased the requirement for 
isoleucine and valine in the rat. 

Mutual antagonisms among the BCAA had been described earlier in bacteria 
(50); because of the structural similarities among the BCAA molecules, it had 
been attributed to antimetabolite action. Similarly, the effects of excess leucine 
on the growth of the rat were assumed to be the result of leucine acting as an 
antimetabolite of isoleucine and valine (90). In contrast to observations with 
bacteria, however, addition of excess isoleucine or valine to the low-protein 
diet resulted in only slight depression in growth of the rat (90). Only when the 
9% casein diet was modified so that leucine became growth-limiting instead of 
methionine or threonine could excesses of valine or isoleucine be shown to 
decrease the utilization of leucine for growth ( 14) .  Valine-isoleucine antagon­
isms have also been demonstrated under appropriate conditions ( 14) . All three 
BCAA evidently can participate in mutual antagonisms; however, only the 
leucine-induced BCAA antagonism can be demonstrated without careful ma­
nipUlation of the amino acid composition of the basal diet. Leucine-induced 
BCAA antagonisms have been produced in chicks, pigs, and turkey poults (3 1 ,  
92, 2 1 2) .  

Although supplements of isoleucine and valine to a high-leucine, low­
protein diet reverse most of the growth-depressing effects of excess leucine, 
further additions of phenylalanine, tryptophan, and threonine are required for 
complete normalization of growth ( 1 94) . Growth-depressing effects of excess 
leucine were not observed when rats were fed adequate protein ( 1 8% casein) 
(90); thus, a dietary excess of leucine interacts with amino acids other than 
isoleucine and valine to produce adverse effects . 

Many of the growth-depressing effects of excess leucine can be accounted 
for by curtailment of food intake. Recently, Austic and associates (3 1 )  force­
fed chicks and estimated that as much as 70% of the decreased growth rate was 
due to depression in food intake. In other studies,  the depression in growth of 
rats fed high-leucine diets was alleviated when food intake was stimulated by 
exposure to cold ( 1 3) ,  insulin injections (21 6) ,  or increased dietary protein 
(90). Other observations show that supplements of as little as 0. 16% of 
isoleucine and 0. 15% of valine overcome the growth-retarding effects of excess 
leucine (88) . These results argue against palatability being a factor in the food 
intake response and indicate that a high intake of leucine is not toxic per se. 
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Excess Leucine and Blood Amino Acid Responses 

After animals have consumed excessive leucine, plasma and tissue pools of 
isoleucine and KMV and valine and KIV are depleted. These effects are seen in 
rats , chicks , pigs, turkey poults, kittens, and humans (83, 92, 220) . This 
reinforces the notion that excess leucine increases the requirements for 
isoleucine and valine. The depression of plasma isoleucine and valine pools is 
acute, occurring 10-30 min after intragastric administration of a leucine load 
( 1 8) ,  whereas food intake depression is not evident for one to three hours (216) .  
The following order-dependent sequence can be  proposed for the leucine­
induced BCAA antagonism: (a) elevation of the total body free pools ofleucine 
and KIC, (b) depletion of the total body free pools of isoleucine and KMV and 
valine and KIV, and (c) depression of food intake and growth. 

Clark et al (39) measured plasma, liver, and muscle amino acid concentra­
tions 45 min after administering 60 mg of leucine or saline intragastrically to 
rats previously fed an 18% protein diet. Total free amino acid pool changes 
were estimated based on the assumptions that plasma and liver each represent 
4% of the body weight, that muscle accounts for 40%, and that changes in these 
tissues are representative of those occuring in others . Administration of leucine 
resulted in expansion of the total free pool of leucine from 1 8  to 59 fJ.mol and in 
depressions in the total free pools of valine from 30 to 10  fJ.mol, of isoleucine 
from 14  to 4 fJ.mol, of phenylalanine from 9 .8  t0 4.7 fJ.mol and oftyrosine from 
17 .9  to 1 1 .  9 fJ.mol. In subsequent studies the BCKA followed patterns similar 
to those of their corresponding BCAA after leucine loading ( 18 ,  206) . 

Snyderman et al (215) observed dramatic drops in the plasma concentrations 
of valine, phenylalanine, tyrosine, threonine, and proline in 2 adult males three 
hours after oral administration of 25 g of L-Ieucine, approximately 25 times the 
normal requirement. Many other studies of the effects of leucine loading since 
then have shown these characteristic plasma pool changes. Swendseid et al 
(220) reported that plasma pools of valine, isoleucine, phenylalanine, tyrosine, 
and methionine were depleted after oral administration of 10 g of leucine to 
adults fasted overnight. These effects were not associated with changes in 
blood glucose, which indicates that the changes could not be attributed to 
increased insulin release. In 14 healthy, fasted subjects, intravenous infusions 
of up to 5 .9  g of leucine were accompanied by marked drops in arterial blood 
concentrations of valine, isoleucine, methionine, tryosine, and phenylalanine 
(83) and by significant increases in splanchnic uptake of isoleucine and valine. 
No significant changes in splanchnic blood flow, leg blood flow, or oxygen 
consumption were observed. Arterial concentrations of insulin were elevated 
by 25%, which according to Pozefsky et al ( 1 87), is not enough to influence 
tissue exchange of amino acids . Similar changes have been observed in other 
studies cited below. Thus the changes observed in amino acids appear to result 
from a direct action of leucine. Abumrad et al (2) infused 1 .2-5 .8 g of leucine 
intravenously into 1 3  adult males in the postabsorptive state and observed that 
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arterial blood concentrations of leucine rose three- to fourfold; concentrations 
of valine, isoleucine, methionine, and tyrosine dropped significantly; KIC 
concentration rose 1 22%; and KIV concentration fell 60%. This study contrasts 
with that of Hagenfeldt et al (83) in that infusion of leucine resulted in a 55% 
drop in a-amino nitrogen release from the forearm; in four hours , isoleucine 
output had dropped by 80% and valine output had dropped by 60%. The 
circulating insulin level in the leucine-treated subjects had increased 8 1  % after 
five hours , while blood glucose level had dropped 11 %. Abumrad et al (2) 
suggested that decreased release of amino acids from muscle could account for 
the changes observed in the plasma pools. Hutson et al ( 103) found that 
perfusate isoleucine and valine concentrations were markedly depressed after 
perfusing rat hindquarter with five times the normal plasma concentration of 
leucine. 

These effects ofleucine are unique ( 18 ,  56, 206, 220). In a study with the rat, 
Block & Harper ( 1 8) did not detect a significant effect of excess dietary 
isoleucine on the plasma concentrations of leucine, KIC, or valine, although 
plasma KIV concentration was depressed moderately. Shinnick & Harper (206) 
observed no depressing action of excess isoleucine on plasma valine in rats 
given amino acid solutions intragastrically. Swendseid et al (220) were the first 
to report that an oral load ofleucine, but not of isoleucine or valine, depleted the 
plasma pools of other BCAA and large neutral amino acids (LNAA) in humans . 
More recently ,  Eriksson et al (56) reported that intravenous infusion of adult 
human subjects with leucine resulted in the characteristic drops in plasma 
concentrations of the other BCAA, methionine, and aromatic amino acids , 
whereas infusion of isoleucine or valine was without effect. Infusion of all three 
BCAA gave plasma amino acid patterns similar to those observed when only 
leucine was infused. 

Another set of observations deserves consideration in relation to effects of 
leucine on free LNAA concentrations. When diets deficient in leucine are fed to 
rats and humans, plasma and tissue concentrations of isoleucine and KMV, 
valine and KIV, and other LNAA are elevated (38, 85, 89, 2 1 5 , 242), Feeding 
diets devoid of isoleucine or valine does not significantly affect the plasma 
concentrations of other LNAA. This fine-tuning of plasma isoleucine and 
valine concentrations by both low and high dietary levels of leucine appears to 
be the result of a unique control mechanism. 

Probable Basis for Plasma Amino Acid Changes 

Efforts to explain the lowering of free amino acid pools by high dietary levels of 
leucine in terms of classical antimetabolite action have not been successful. 
Although competition among BCAA has been demonstrated in vitro, signifi­
cant impairment of [14C]isoleucine or valine absorption during high-leucine 
feeding has not been detected in vivo ( 1 8 , 3 1 , 86, 88, 2 12) , Competition among 
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BCAA for absorption by intestinal tissue (84) and for reabsorption by the 
kidney tubules was demonstrated in 1 95 1  ( 1 1 7) ,  but in studies with rats ( 18 , 86, 
88) and chicks (3 1 ,  2 1 2) ,  no significant effect of excess leucine on the excretion 
of radiolabeled BCAA has been observed . Recently, Hagenfeldt et al (83),  
reported that intravenous administration of excess leucine to men did not affect 
renal clearance or tubular reabsorption of amino acids. 

Three mechanisms which could explain the leucine-induced changes in free 
amino acid pools are (a) increased net tissue protein accumulation (increased 
synthesis, decreased degradation , or both), (b) transport phenomena involving 
the L-carrier system that would alter body amino acid distribution, and (e) 
increased BCAA oxidation. 

Evidence of a role for leucine in stimulating protein synthesis and suppres­
sing protein degradation in vitro has come from studies with isolated rat 
diaphragm (28 ,  7 1 , 225) and perfused rat hindquarter ( 1 30), heart (36, 37) , and 
liver ( 186) . In these studies, isoleucine and valine each had little effect on 
protein turnover. Despite convincing results in studies with isolated tissues and 
perfused organs ,  observations on effects of leucine on protein synthesis and 
degradation in vivo are conflicting. McNurian et al ( 149) observed no effect of 
excess leucine on the fractional rate of protein synthesis in tissues from intact 
rats in a variety of nutritional states despite marked lowering of plasma 
isoleucine and valine pools in their study . Freund et al (68) demonstrated that 
valine was more effective then leucine in stimulating protein synthesis in 
laparotomized rats in vivo. 

Studies of effects of leucine on protein degradation have also given conflict­
ing results. Infusion of leucine into normal or obese adults had no effect on the 
urinary excretion of 3-methylhistidine (204). More recently, Marchesini et al 
( 140) infused BCAA-enriched solutions into patients suffering from liver 
cirrhosis and observed a significant decrease in 3-methylhistidine excretion . 
Despite these c�nflicting results, infusions of KIC or BCAA have improved 
nitrogen balance in a number of studies on traumatized rats and post-operative 
patients (67). Leucine (57) and KIC ( 107) are potent insulin secretagogues , so 
in addition to any direct effect it might have, leucine could increase net protein 
synthesis in vivo by stimulating insulin release. 

The assumption that increased net protein synthesis is the mechanism re­
sponsible for the leucine-induced lowering of free amino acid pools is prob­
lematic. Pools of the amino acids affected by leucine loading differ consider­
ably in size, so absolute changes in pool sizes, not per cent changes, must be 
compared to analyze the effects accurately . Clark et al (39) found that the free 
muscle pools of isoleucine, valine, and phenylalanine dropped by 9, 18,  and 5 
f.1mol respectively after leucine loading. Animal muscle contains 0 . 395 f.1mol 
isoleucine, 0 .448 f.1mol valine, and 0 . 244 f.1mol phenylalanine per mg protein 
( 1 68) .  The theory that increased protein synthesis contributes to the depletion 
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of amino acid pools is supported by the observation that the ratio of isoleucine 
to phenylalanine in muscle protein, 1 .6, is similar to the ratio of isoleucine to 
phenylalanine calculated for the free muscle pool changes after leucine loading, 
1 .8 .  Assuming that the depletion of free muscle isoleucine and phenylalanine 
pools is solely the result of increased protein synthesis, the anticipated drop in 
the muscle free pool of valine, based on the ratio of muscle protein valine to 
isoleucine would be 1 . 1 ;  based on the ratio of valine to phenylalanine, it would 
be 1 .8 .  However, the observed drop in the free muscle pools of valine express­
ed in this manner is approximately twice that predicted from increased protein 
synthesis alone. The studies discussed above that compared plasma amino acid 
pool changes in humans after leucine administration also revealed that 
isoleucine and valine concentrations declined to a much greater extent than 
would be predicted from stimulation of net protein synthesis. Another discre­
pancy is encountered in the results of experiments in which rats were fed a 9% 
casein plus 5% leucine diet ad libitum for 7-1 2  days (222; K .  P. Block and A. 
E.  Harper, unpublished results) .  In these studies,  only the isoleucine and valine 
pools in plasma were depleted. These discrepancies can be explained only if 
BCAA concentrations are affected selectively by mechanisms other than in­
creased incorporation into protein. 

In addition to having small pools, most amino acids affected by leucine 
administration have in common the L-transport system (208). The possibility 
that leucine influences the distribution of LNAA between intracellular and 
extracellular pools has not been examined extensively. Exchange and counter­
transport systems exist by which an increased flux of leucine from the in­
tracellular to extracellular compartments could facilitate the inward transport of 
other LNAA; however, although extracellular and intracellular tissue LNAA 
concentrations have not been measured in humans during leucine infusions, 
studies of the rat have shown that tissue and plasma pools changed similarly, so 
this explanation is unlikely . 

Toward an Explanation of Leucine: Isoleucine 
and Valine Antagonism 

Specific stimulation of BCAA oxidation by consumption of excess leucine 
could account for depletion of isoleucine and valine pools. Several studies of 
isoleucine or valine oxidation in vivo failed to demonstrate a significant 
stimulative effect of excess dietary leucine (20, 88, 206) , but there were 
methodological problems in all of the studies ( 18) .  Austic and associates (3 1 ,  
2 1 2) reported an apparent increase in L-[ 1-14C]valine and L-[ 1_14C]isoleucine 
oxidation in vivo in chicks fed high-leucine diets, but true oxidation rates could 
not be calculated because of a lack of specific radioactivity measurements. 
Also, because 14C02 was collected in 24-hour periods , the time interval was 
too long for the sequence of the changes in plasma LNAA and rates of oxidation 
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to be detected. More recently ,  Block & Harper ( 1 8) demonstrated that the acute 
depressions in plasma isoleucine and valine concentrations in rats fed high­
leucine meals were accompanied within one to three hours by a 50% increase in 
whole-body L-[ 1-14C]valine oxidation, from 26±3 to 39±2 fJ.mollhr Con­
sumption of a high-isoleucine meal had no effect on whole body L-[ 1-
14C]valine catabolism. Meguid et al ( 150) have shown that excess leucine 
increases oxidation ofL-[ 1-14C]valine in vivo in humans . Excess valine had no 
significant effect on L-[ 1-14]leucine oxidation. 

A leucine-induced increase in BCAA catabolism was also demonstrated in 
studies of isolated tissues . Increasing perfusate leucine concentration in per­
fused rat hindquarter from 0.2 to 1 .0 mM resulted in rapid stimulation of 
L-[ 1_14C]valine oxidation (243) .  Incubating rat adipocytes with 0.2--0.5 mM 
leucine increased oxidation of L-[ l-14C]valine; increasing isoleucine concen­
tration depressed valine oxidation (70). In experiments on isolated intact 
epitrochlearis muscles from rats, increasing the leucine concentration of the 
medium from 0 to 1 mM resulted in more than a fourfold increase in L-[ 1-
14C]valine oxidation ( 150) . These studies all indicate that excess leucine 
stimulates the flux of valine through the catabolic pathway. 

Based on classical competitive inhibition between substrates in the BCAAT 
or BCKAD reactions, depression of isoleucine and valine oxidation by excess 
leucine would be predicted, and enlarged rather than diminished isoleucine and 
valine pools would be anticipated. Also, although there are some reports that 
BCAAT activity can be influenced by leucine (212 , 240) and KIC (34, 156), 
responses have not been consistent and no unique regulator of this reaction has 
been described. Recently, we have been unable to detect a change in total liver 
or muscle BCAAT activity after feeding high levels of leucine, despite an 
elevated rate of valine oxidation (18) .  

In contrast to BCAA T, BCKAD is highly regulated by a phosphorylation 
(inactivation)-dephosphorylation (activation) mechanism. Early work with liv­
er ( 1 15 ) ,  heart ( 1 7 1 ) ,  skeletal muscle ( 162,  1 65),  and kidney ( 125) indicated 
that the ATP-mediated inhibition of BCKAD could be retarded by including 
BCKA, particularly KIC, in the media. Subsequent studies with the purified 
enzyme from liver ( 102, 1 80,  1 8 1 ) ,  kidney ( 102, 1 26), and heart ( 102) 
indicated that KIC protected the BCKAD against inactivation by inhibiting 
BCKAD kinase and hence phosphorylation of the complex. Recently, Paxton 
et al ( 1 8 1) reported that values for 50% inhibition of rabbit liver BCKAD kinase 
by BCKA are 65 fJ.M for KIC, 650 fJ.M for KMV, and 1 .9 mM for KIV. Based 
on a study with ox kidney BCKAD, Lau et al ( 1 26) reported noncompetitive 
inhibition of the kinase by BCKA with K;'s as follows: KIC, 0.48 mM; KMV, 
0.92 mM; and KIV 8 .9 mM. Accordingly , KIC is a more potent inhibitor of the 
kinase than KMV or KIV, so it should retard phosphorylation and hence 
inactivation of the BCKAD complex. BCKAD in adipose tissue is activated 
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when the tissue is incubated in a medium containing extra leucine or KIC (70) . 
BCKAD is also activated when hearts are perfused with KIC (236). In the 
perfusion studies ,  KIC is a more potent activator of BCKAD than KMV or 
KIV .  The marked activation of heart BCKAD by KIC is associated with 
dephosphorylation of the ex-chain of the E, subunit (30) . Thus, KIC appears to 
shift the kinase-phosphatase balance in favor of dephosphorylation. Reports of 
hepatic BCKAD modulation by dietary BCAA ( 1 8 , 206, 240) and BCKA ( 1 20) 
have appeared in the literature . It is not known at present whether consumption 
of excess leucine results in the activation of BCKAD from tissues other than 
liver. Activation of BCKAD and consequent stimulation of BCKA oxidation 
by excess dietary leucine could explain the depletion of plasma isoleucine and 
valine pools by dietary excesses of leucine. 

Based on information currently available, we propose the following explana­
tion for the depletion of isoleucine and valine pools by administration of excess 
leucine: Consumption of excess leucine results in stimulation of BCAA oxida­
tion and probably in a small increase in net protein accumulation . Evidence for 
an effect of increased net protein synthesis on amino acid pools is readily 
detected only in subjects administered leucine in the fasting state , when pools 
are not being replenished . The elevated rate of BCAA oxidation would be 
expected to continue as long as high concentrations of tissue leucine are 
maintained. 

Excess Leucine and Food Intake Depression 

Some of the metabolic changes that result from a high leucine intake would also 
be expected to provide the basis for an explanation of the depressed food intake 
of animals consuming high-leucine diets. As early as 1957,  a distorted plasma 
amino acid pattern was thought to play a role in food intake control , and 
relationships between plasma and brain amino acid patterns and feeding be­
havior have been studied extensively over the years (88, 93) . The depressed 
food intakes of animals consuming diets in which the amino acid patterns are 
out of balance usually are associated with depletion of brain amino acid pools. 
Peng et al ( 1 83) demonstrated that consumption of a diet containing excess 
leucine resulted in depletion of brain pools of LNAA. This effect, which is not 
evident in other tissues, is most likely the result of strong competition between 
leucine and other LNAA for uptake into brain because of the low Km's  of brain 
transport systems for amino acids ( 169). Of further interest are observations 
that consumption of excess leucine results in a decrease in brain serotonin ( 1 90) 
and dopamine concentrations (K. P. Block and A. E. Harper, unpublished 
data). 

The food intake depression caused by excess leucine can be dissociated from 
its effect on plasma isoleucine and valine pools .  Consumption of excess 
phenylalanine , a molecule similar to leucine in molecular weight and transport 
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characteristics, results in depression of food intake and alterations in brain 
amino acid profiles similar to those observed after high-leucine feeding. 
However, consumption of excess phenylalanine does not result in the charac­
teristic depressions of plasma isoleucine and valine concentrations observed 
after high-leucine feeding. These observations suggest that the antagonism 
between leucine-isoleucine and valine observed in animals does not fit the 
classical antimetabolite concept. The blood and tissue changes discussed above 
appear to result from a direct stimulative effect of leucine on BCAA metabo­
lism. The food intake depression appears to result independently from deple­
tion of brain pools of LNAA caused by excess leucine inhibiting transport of 
LNAA into the brain .  However, stimulation of isoleucine and valine oxidation 
and subsequent depletion of plasma isoleucine and valine pools would be 
expected to increase the degree of competition between leucine and the other 
BCAA for entry into brain. 

The observations on effects of excess leucine have some bearing on the use 
of BCAA-enriched solutions in the treatment of hepatic encephalopathy .  This 
condition is characterized by elevated concentrations of methionine and aroma­
tic amino acids and by depressed BCAA concentrations in plasma ( 16) . 
Normalization of patients' blood amino acid patterns by infusing with high 
BCAA, low phe, and low met solutions is reported to improve their mental state 
(64). The studies reported thus far appear to indicate that leucine alone may be 
efficacious in lowering plasma and brain methionine concentrations and aroma­
tic amino acid concentrations, which are postulated to rise in brain and contri­
bute to the mental impairment of hepatic encephalopathy. It should be stressed, 
however, that infusion of leucine alone or even infusion of a mixture of BCAA 
alone has the potential to cause further derangement of blood and brain amino 
acid pools. Depletion of isoleucine and valine pools after leucine administra­
tion could result in accelerated rates of protein wasting. Infusion of all three 
BCAA in a complete amino acid solution appears to be the appropriate 
approach to normalizing deranged blood amino acid levels (64) and ensuring an 
adequate supply of all amino acids. Wahren et al (229) recently questioned the 
effectiveness of using BCAA-enriched solutions to treat hepatic encephalo­
pathy; it should be noted that subjects in this study were infused with a mixture 
of BCAA and glucose but not with the other amino acids needed for protein 
synthesis. 

CONCLUSIONS 

The BCAA are unique among the nutritionally indispensable amino acids in 
that the enzymes for their catabolism are distributed throughout the body rather 
than being confined to liver. The initial catabolic reaction is a reversible 
transamination yielding glutamate and BCKA. The steady-state concentrations 
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of BCKA in tissues are low , presumably in part because high intracellular 
steady-state concentrations of glutamate favor reamination of the BCKA. Also, 
the second catabolic reaction, an irreversible oxidative decarboxylation for 
which BCKA are substrates,  leads to their further degradation. Despite this,  
BCKA are released into the media by perfused hindlimb and kidney prepara­
tions and into the bloodstreams of mammals. In organs and tissues throughout 
the body, nitrogen from BCAA is incorporated into alanine and glutamine , 
which are also released into the blood. As a result of the ready exchange of 
BCAA , BCKA, alanine, and glutamine across cell membranes,  metabolism of 
both the nitrogen and the carbon skeletons of BCAA involves extensive 
interorgan relationships. The extent to which BCKA are released by various 
organs and tissues remains to be established, as does the quantitative import­
ance of the liver, which has a l imited capacity for transamination of BCAA but 
a great capacity for BCKA oxidation in overall BCAA metabolism. 

BCKAD is the second enzyme in the pathway for BCAA catabolism , and it is 
subject to regulation by phosphorylation (inactivation) and dephosphorylation 
(activation) .  Knowledge of the extent of activation of BCKAD in tissues in 
vivo is limited, but current evidence indicates that it is influenced by both 
nutritional and endocrine factors . There is also evidence , 'at least in liver, for a 
protein factor in mitochondria that can influence the activity of this enzyme 
independently of its phosphorylation state . Establishing the role of nutritional, 
endocrine , and pathological states in the regulation of BCKAD and in the 
control of BCAA catabolism in general is a fertile field for investigation . 

Establishing the relative importance of different regulatory systems on 
BCAA catabolism presents a challenge. The rate of BCAA degradation in vivo 
is highly responsive to changes in dietary and blood BCAA and BCKA 
concentrations; intracellular BCKA concentrations depend in turn on transport 
of BCAA and BCKA across cell membranes and on the rate and direction of 
transamination. The rate of BCKA oxidation depends in tum upon BCKA 
concentrations within the mitochondria and hence on transport of BCAA and 
BCKA to site of oxidation; it also depends on the degree of activation of the 
BCKA dehydrogenase . It seems highly probable that the relative importance of 
these potential regulatory systems will vary with the physiologic, nutritional , 
and pathologic state of the organism. 

Disproportions of BCAA in the diet or body fluids, especially high leucine 
concentrations, can influence insulin release, tissue protein synthesis and 
degradation , catabolism of the other BCAA, and transport of large neutral 
amino acids into tissues, especially brain .  Thus, the BCAA or their respective 
BCKA appear to exert a number of regulatory actions. The bases for these 
effects and their physiological significance are being investigated actively. 
Stimulation of BCKA oxidation by leucine or its ketoacid has been demon­
strated and appears to be mediated through control of BCKAD inactivation . 
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Effects of high BCAA concentrations on feeding behavior and possibly on 
other behaviors appear to depend on depletion of brain pools of one or more of 
the large neutral amino acids , some of which are precursors of neurotransmit­
ters , as the result of competition for transport across the blood brain barrier. 

Stimulation of protein synthesis and suppression of protein degradation by 
high tissue leucine concentrations have been demonstrated in vitro, but results 
in vivo have not been consistent. The bases for these effects remains to be 
established. Each of these sets of observations represents an independent 
research area for further investigation. 

Finally, these advances in basic knowledge of BCAA metabolism and 
interactions bear on clinical applications of BCAA and BCKA. Safe and 
effective use of BCAA in restoring normal amino acid patterns in blood and 
brain for treatment of hepatic encephalopathy, in attempting to reduce nitrogen 
loss in the treatment of patients in hypercatabolic states, and in efforts to reduce 
nitrogen accumulation in patients with renal disease will be advanced by more 
thorough basic knowledge of the interrelationships of the BCAA in metabolism 
in the intact organism. 
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