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Activation of rat liver branched-chain 2-oxo acid dehydrogenase
in vivo by glucagon and adrenaline
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The activity of liver branched-chain 2-oxo acid dehydrogenase complex was measured in rats fed on
low-protein diets and given adrenaline, glucagon, insulin or dibutyryl cyclic AMP in vivo. Administration
of glucagon or adrenaline (200 ,usg/l00 g body wt.) resulted in a 4-fold increase in the percentage of active
complex. As with glucagon and adrenaline, treatment of rats with cyclicAMP (5 mg/100 g body wt.) resulted
in marked activation ofbranched-chain 2-oxo acid dehydrogenase. Insulin administration (1 unit/ 100 g body
wt.) also resulted in activation ofenzyme; however, these effects were less than those observed with glucagon
and adrenaline. In contrast with the results obtained with low-protein-fed rats, administration of adrenaline
(200 ,ug/100 g body wt.) to rats fed with an adequate amount of protein resulted in only a modest (14% )
increase in the activity of the complex. The extent to which these hormones activate branched-chain 2-oxo
acid dehydrogenase appears to be correlated with their ability to stimulate amino acid uptake into liver.

INTRODUCTION
Most reports on hormonal control of branched-chain

amino acid catabolism have dealt with measurements of
flux of "4C-labelled branched-chain amino or oxo acids
in isolated intact tissues (Harper et al., 1984). Buse et al.
(1973) studied the effects of glucagon and adrenaline on
branched-chain amino acid oxidation in isolated hemi-
diaphragms and perfused hearts from rats. Depending on
the tissue studied, the nutritional state of the rats and the
presence or absence ofglucose in the media, glucagon and
adrenaline increased or had no effect on catabolism of
1-14C-labelled branched-chain amino acids. More
recently, a-adrenergic inhibition of oxidation of 1-14C-
labelled branched-chain 2-oxo acids in perfused liver
(Buxton et al., 1982) and oxidation of 1-'4C-labelled
branched-chain L-amino acids in isolated diaphragm
(Palmer et al., 1983) have been reported. In all of these
studies, the effects of hormones on branched-chain 2-oxo
acid dehydrogenase activity cannot be separated from
effects on preceding reactions such as plasma- and mito-
chondrial-membrane substrate transport, branched-
chain amino acid aminotransferase activity, and protein
synthesis and degradation. Apart from the report of
insulin modulation of adipose-tissue enzyme (Frick &
Goodman, 1980), there have been few studies where the
activation state of branched-chain 2-oxo acid dehydro-
genase has been measured after hormone treatment. In
contrast, numerous studies have shown that the activity
of the structurally similar pyruvate dehydrogenase
complex is modulated by specific hormones (Saltiel et al.,
1981; Wieland, 1983; Oviasu & Whitton, 1984). In the
present paper, effects of short-term administration of
adrenaline, glucagon and insulin on the activity and
percentage of active hepatic branched-chain 2-oxo acid
dehydrogenase complex in rats are reported. Previous
studies have shown that hepatic branched-chain 2-oxo
acid dehydrogenase is essentially fully activated (i.e.
dephosphorylated) in rats fed on standard laboratory

chow, but only partially active in rats fed on low-protein
diets (Gillim et al., 1983; Wagenmakers et al., 1984;
Patston et al., 1984; Block et al., 1985). Therefore the
effects of hormones on liver branched-chain 2-oxo acid
dehydrogenase were investigated in rats fed on low-
protein diets, on the assumption that changes in the
activation state would be more easily detectable.

MATERIALS AND METHODS
Materials

Crystalline bovine insulin and glucagon were kindly
provided by Dr. W. W. Bromer (Eli Lilly and Co.,
Indianapolis, IN, U.S.A.); Tos-Lys-CH2Cl (tosyl-lysyl-
chloromethane hydrochloride) and pelleted 9% -casein
diet were from United States Biochemical Corp.
(Cleveland, OH, U.S.A.); (-)-adrenaline (+)-bitartrate,
N6,02'-dibutyryladenosine 3',5'-cyclic monophosphate
(dibutyryl cyclic AMP; sodium salt), catalase, L-amino
acid oxidase (type IV), fl-NAD+ (grade III), CoA
(lithium salt, grade III-L), thiamin pyrophosphate,
DL-dithiothreitol, leupeptin, polyoxyethylene ether W-1
and 3-methyl-2-oxobutanoate (sodium salt) were from
Sigma Chemical Co. (St. Louis, MO, U.S.A.); L-[1-
14C]valine (47.9 mCi/mmol) was from New England
Nuclear (Boston, MA, U.S.A.); DL-2-chloro-4-methyl-
pentanoate was given by Dr. R. J. Strohscheim and Dr
R. Simpson (Sandoz, East Hanover, NJ, U.S.A.), and
glucose oxidase-peroxidase kit was from Boehringer-
Mannheim (Indianapolis, IN, U.S.A.). 3-Methyl-2-oxo-
[1-14C]butanoate was prepared from L-[1-14C]valine by
using L-amino acid oxidase and catalase as described by
Rudiger et al. (1972). All other chemicals were at least
reagent grade.

Care and treatment of animals
The type and care of animals was as described by May

et al. (1980). Male Wistar rats (Charles River Breeding

$ To whom reprint requests should be addressed.

Vol. 232

593



K. P. Block and others

Laboratories, Wilmington, MA, U.S.A.), weighing
approx 200 g, were fed on a low-protein diet (United
States Biochemical Corp.) which was identical with that
described by Wohlhueter & Harper (1970), except that it
was pelleted and contained AIN vitamin mixture 76 in
place of the formula described by Rogers & Harper
(1965). In other experiments, rats were fed on a standard
laboratory chow containing 24.5% (w/w) protein
(Wayne Laboratories, Chicago, IL, U.S.A.). Diets were
fed ad libitum for 14-18 days before enzyme activities
were measured. Solutions ofinsulin, glucagon, adrenaline
and dibutyryl cyclic AMP were prepared in 0.9% NaCl
on the day of the study. To ensure that rats were in the
postabsorptive state, food was withdrawn 15 h before
administration of solutions. All solutions were adminis-
tered intraperitoneally. Rats were killed by decapitation
30 min after injections for assay of liver branched-chain
2-oxo acid dehydrogenase activity.

Assay of branched-chain 2-oxo acid dehydrogenase
Liver branched-chain 2-oxo acid dehydrogenase

activity was measured with an assay system containing
detergent, to solubilize fully mitochondrial membranes,
and KF (phosphatase inhibitor) and 2-chloro-4-methyl-
pentanoate (kinase inhibitor), to retard interconversion
of the active-inactive forms of the complex. Two sep-
arate 10% (w/v) homogenates were prepared from each
rat liver. The basal (non-activated) homogenate con-
tained 220 mM-D-mannitol, 70 mM-sucrose, 4 mM-Hepes,
0.2 mM-EGTA, and 100 mM-KF plus 0.5 mM-2-chloro-4-
methylpentanoate. The activity of the complex assayed in
this buffer was used to estimate the activity state present
in vivo. The second homogenate was prepared in the same
buffer, with the inhibitors of the phosphatase and kinase
omitted. The activity of the complex assayed in this buffer
after preincubation was used to estimate total (fully ac-
tivated) branched-chain 2-oxo acid dehydrogenase ac-
tivity. Homogenates for measuring basal complex activity
were always prepared first, to minimize interconversion
of enzyme. Homogenates were kept on ice in a room
maintained at 4 °C. until time of assay. The final assay
medium (pH 7.4 at 37 °C) contained in 0.4 ml: 3-methyl-
2-oxo[1-_4C]butanoate (2 mM, 140 d.p.m./nmol); NAD+
(1.5 mM); CoA (1 mM); thiamin pyrophosphate (0.4 mM);
dithiothreitol (5 mM); polyoxyethylene ether W-1 deter-
gent (0.5 %); Hepes (50 mM); EGTA (2 mM); Na2CO3
(5 mM); leupeptin (20 ,ug/ml); and Tos-Lys-CH2Cl
(1 mM). 3-Methyl-2-oxobutanoate (ketovaline) was
chosen as the substrate for measuring branched-chain
2-oxo acid dehydrogenase in whole homogenates, as
Sabourin & Bieber (1981) and others have demonstrated
negligible extramitochondrial oxidation of this substance
in liver. The assays for basal enzyme activity contained,
in addition to these components, a final concentration of
22.5 mM-KF and 0.1 mM-2-chloro-4-methylpentanoate
(from the homogenate). KF and 2-chloro-4-methylpenta-
noate were therefore added to the total enzyme assay
media so that basal and total enzyme assays contained the
same components at identical concentrations. Addition
of 0.1 mM-2-chloro-4-methylpentanoate to the assay tube
had no measurable effect on the oxidation of 3-methyl-
2-oxobutanoate. Preliminary studies demonstrated that
inclusion of leupeptin (50 EM), Tos-Lys-CH2C1 (1 mM)
(serine-proteinase inhibitor) and/or calfserum (1 % , v/v)
had no significant effect on the activity of liver
branched-chain 2-oxo acid dehydrogenase in our assay

system (results not shown). A similar lack of effect of
proteinase inhibitors on branched-chain 2-oxo acid
dehydrogenase was shown previously by May et al. (1980)
in intact and freeze-thawed liver mitochondria. As a
precautionary measure, leupeptin and Tos-Lys-CH2Cl
were included in the final assay system. Reactions were
begun by adding 0.1 ml of homogenate and terminated
after 2 min with 0.2 ml of25% (w/v) trichloroacetic acid.
For determinations of total enzyme activity, samples of
the homogenate not containing phosphatase and kinase
inhibitors were incubated in 2 mM-MgCl2 at 37 °C for
30 min before assay. Preliminary studies demonstrated
that 30 min of preincubation gave maximal branched-
chain 2-oxo acid dehydrogenase activities in low-protein-
fed and stock-diet-fed rats.

In some preliminary studies, branched-chain 2-oxo
acid dehydrogenase activities were assayed by the method
of Wohlhueter & Harper (1970) with modifications as
described by Block et al. (1985). Both assay systems
consistently released over 1000 c.p.m. above background,
were run in triplicate and were linear with respect to time
and enzyme amount.

RESULTS

Effects of glucagon, adrenaline and insulin on
branched-chain 2-oxo acid dehydrogenase activity in rats
fed on low-protein diets
The effects of hormones on the activity of liver

branched-chain 2-oxo acid dehydrogenase are given
in Table 1. Administration of glucagon (200 ,g/ 100 g
body wt.) to rats fed on low-protein diets resulted in a
greater than 4-fold increase in basal (non-preincubated)
branched-chain 2-oxo acid dehydrogenase activity.
Accompanying this stimulation was an increase in the
percentage ofactive complex from 17% to 64% (Table 1).
Treatment of low-protein-fed rats with adrenaline
(200 jug/100 g body wt.) also resulted in marked increases
in basal activity and percentage of active branched-chain
2-oxo acid dehydrogenase (Table 1). Preliminary experi-
ments were conducted to investigate the effects of
administering different concentrations of glucagon or
adrenaline on the enzyme from low-protein-fed rats
(Block, 1984). These studies employed the Ca2+-swollen
mitochondrial assay system originally described by Wohl-
hueter & Harper (1970), with subsequent modifications
by Block et al. (1985). Data from these studies were quali-
tatively in accord with the results given in Table 1, in that
administration ofglucagon and adrenaline (200 jug/100 g
body wt.) resulted in marked activation of liver
branched-chain 2-oxo acid dehydrogenase from low-
protein-fed rats. A significant dose-dependent increase
(r = 0.696, P < 0.01) in basal complex activity was
observed when the dosage of adrenaline was varied from
25 to 100 sg/l00 g body wt. (results not shown). In
contrast, administration of glucagon at a dosage as low
as 10 ug/100 g body wt. resulted in near-full activation
of the enzyme from low-protein-fed rats. Treatment of
rats with dibutyryl cyclic AMP (5 mg/100 g body wt.)
also resulted in near-full activation of the complex
(results not shown). The results of these preliminary
experiments indicate that glucagon is approx. 100 times
more potent than adrenaline in its ability to activate liver
branched-chain 2-oxo acid dehydrogenase from low-
protein-fed rats, and that these effects may be mediated
via cyclic AMP.
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Table 1. Liver branched-chain 2-oxo acid dehydrogenase activity in rats fed on a low-protein diet and given glucagon, adrenaline or
insulin in vivo

Rats (160-180 g) were fed on a low-protein diet ad libitum for 14-18 days. Glucagon (200,sg/I00 g body wt.), adrenaline
(200,ug/100 g body wt.) or insulin (1 unit/100 g body wt.) was administered intraperitoneally to rats (254-320 g) previously
kept without food for 15 h. Rats receiving only saline (0.9% NaCl) served as the control. Rats were killed 30 min after injections
and basal (no preincubation) and total (+ preincubation) branched-chain 2-oxo acid dehydrogenase activities were measured
as described in the Materials and methods section. Enzyme activities are expressed as nmol of 3-methyl-2-oxo[I-'4C]butanoate
oxidized/min per g of liver. The '% active complex' was calculated as: 100 x (activity without preincubation/activity
+ preincubation). Values represent means +S.E.M. for four (saline, adrenaline and insulin treatments) or five (glucagon treatment)
rats. *P < 0.05 and **P < 0.01 for significance of differences from values obtained with saline injections.

Branched-chain 2-oxo acid dehydrogenase activity

Treatment No preincubation + Preincubation % active complex

Saline
Glucagon
Adrenaline
Insulin

285 + 33
1210 + 36**
919+ 67**
842+ 94**

1669+87
1912+ 111
1347 + 81 *
1583 + 65

17+2
64+4**
69+ 3**
53 + 5**

Table 2. Liver branched-chain 2-oxo acid dehydrogenase activity in rats fed with adequate amounts of protein and given adrenaline
in vivo

Rats (181-204 g) were fed on a standard laboratory chow diet (24.5% protein) up until the time of the experiment. Adrenaline
(200,ug/100 g body wt.) or saline was administered intraperitoneally to rats previously denied food for 15 h. Rats were killed
30 min after injection for assay of enzyme activity. Assay conditions were identical with those described in Table 1. Values
represent means +S.E.M. for six (saline treatment) or four (adrenaline treatment) rats. *P < 0.05 and **P < 0.01 for significance-
of differences from values obtained with saline injections.

Branched-chain 2-oxo acid dehydrogenase activity

Treatment No preincubation + Preincubation % active complex

Saline
Adrenaline

1509+46
1724+ 73*

2177+67
2245+121

69+1
77+ 2**

Treatment of rats with insulin (1 unit/100 g body wt.)
also resulted in activation of the complex (Table 1).
However, the increases in- basal activity and percentage
ofactive enzyme tended to be lower in insulin-treated rats
than in rats given glucagon and adrenaline. Plasma
glucose concentrations of saline-treated controls and
insul-in-treated rats were 145 +4 and 51 + 4 mg/dl respec-
tively (means + S.E.M. for n = 4 rats/group). Hence
changes in branched-chain 2-oxo acid dehydrogenase
after insulin treatment may be due to the elevated con-
centrations of glucagon which normally occur during
hypoglycaemic episodes.

Effects of adrenaline on branched-chain 2-oxo acid
dehydrogenase activity in rats fed with adequate
amounts of protein

Experiments were also conducted on stock-diet-fed rats
(Table 2). Hepatic branched-chain 2-oxo acid dehydro-
genase was approx. 70% active in rats fed on a standard
laboratory chow containing approx. 25% protein.
Decreasing the protein content of the diet from 25% to
9% resulted in a significant (P < 0.01), although modest
(23% ), decrease in total branched-chain 2-oxo acid
dehydrogenase activity (cf. Table 1 and 2). A significant
(P < 0.05), but modest (14%), increase in basal enzyme
activity was observed after adrenaline was administered

to rats fed on an adequate-protein diet (Table 2). Hence
increasing the protein content ofthe diet from 9% to 25%
decreased the adrenaline-mediated stimulation of basal
branched-chain 2-oxo acid dehydrogenase activity by
approx. 95% (P < 0.01).

DISCUSSION
Administration of glucagon or adrenaline to low-

protein-fed rats resulted in marked increases in the
percentage of active branched-chain 2-oxo acid dehydro-
genase (Table 1). Also, adrenaline administration
resulted in a slight but significant (P < 0.05) increase in
basal enzyme activity in livers from stock-diet-fed rats
(Table 2). These results are in apparent contradiction to
those of Buxton et al. (1982), who reported inhibition of
4-methyl-2-oxo[I-14C]pentanoate flux through branched-
chain 2-oxo acid dehydrogenase in perfused livers after
inclusion of adrenaline or other a-adrenergic agents in
the perfusate. A similar ax-adrenergic inhibition of flux
of 1-14C-labelled branched-chain amino acids through
branched-chain 2-oxo acid dehydrogenase has been
reported in isolated diaphragn (Palmer et al., 1983). The
observations by Buxton et al. (1982) along with the
results of the present study demonstrate the disparity that
may exist between flux and enzyme-activity measure-
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ments. Similar discrepancies have been observed between
[1-14C]pyruvate flux through, and the activity state of,
pyruvate dehydrogenase in perfused liver (Sies et al.,
1983). In the latter study, perfusion of rat liver with
vasopressin resulted in a decreased flux of [1-14C]pyruvate
but an increased percentage of active pyruvate dehydro-
genase complex. Interestingly, the depression in pyruvate
flux was very transient, and was followed by a significant
increase in pyruvate flux (Sies et al., 1983). Whether such
a time course of events exists for branched-chain 2-oxo
acid flux in perfused liver is unknown.
The decrease in total branched-chain 2-oxo acid

dehydrogenase activity observed in the present study
when rats were switched from an adequate to a
low-protein diet (Tables 1 and 2) is qualitatively in accord
with previous reports. In the studies by Gillim et al. (1983)
and Patston et al. (1984), a 50-70% decrease in total
complex activity was observed when rats were switched
from an adequate to a low-protein diet. This is thought
to represent a decrease in the total amount of enzyme
protein. In the present study, and in previous experiments
where the effects of individual amino acids on the activity
of branched-chain 2-oxo acid dehydrogenase were
measured (Block et al., 1985), consumption oflow-protein
meals resulted in significant but modest decreases in total
complex activity. Our values for fully activated complex
from adequate- and low-protein-fed rats were approx.
2200 and 1700 nmol/min per g of liver respectively
(Tables 1 and 2) These values for total complex activities
from adequate- and low-protein-fed rats are 3 and 9 times
respectively the values reported by Gillim et al. (1983).
The reasons for the discrepancies between our studies and
those of Gillim et al. (1983) and Patston et al. (1984) are
unknown. However, as whole homogenates (rather than
tissue extracts and mitochondria) were used in our
studies, there may be differences in enzyme recovery.
Also, rats in the present study were fed on a low-protein
diet supplemented with methionine, the most limiting
amino acid in casein. Hence rats fed on this diet grew
better than did rats fed on a 9% -casein diet alone. Proper
quantification of the amount of branched-chain 2-oxo
acid dehydrogenase in tissues after hormonal and dietary
manipulations is dependent on the development of
antibodies that can distinguish between the El subunits
ofthe pyruvate dehydrogenase and branched-chain 2-oxo
acid dehydrogenase complexes.

Administration of glucagon and adrenaline has been
shown to result in hepatic intracellular Ca2+ redistribution
(Sies et al., 1983; Wingrove et al., 1984). Oviasu &
Whitton (1984) reported that pyruvate dehydrogenase in
isolated hepatocytes was dephosphorylated on incubation
with glucagon, phenylephrine (a-agonist) or vasopressin.
Incubation with insulin was without effect. The activation
of pyruvate dehydrogenase appeared to be dependent on
extracellular Ca2 . More recently, Staddon & McGivan
(1985) reported similar findings with oxoglutarate
dehydrogenase in isolated hepatocytes incubated with
vasopressin. Activation of pyruvate dehydrogenase by
these hormones has been attributed to the marked
stimulation of pyruvate dehydrogenase phosphatase by
intracellular Ca2+. However, a direct effect ofintracellular
Ca2+ redistribution on branched-chain 2-oxo acid
dehydrogenase is in question, as Damuni et al. (1984)
reported that branched-chain 2-oxo acid dehydrogenase
phosphatase is non-responsive to Ca2+. Also administra-
tion of vasopressin (10 munits/ 100 g body wt.) in vivo

failed to alter the activity of liver branched-chain 2-oxo
acid dehydrogenase in rats fed on low-protein diets
(K. P. Block & M. G. Buse, unpublished work).
Nonetheless, a role for Ca2+ in the regulation of liver
branched-chain 2-oxo acid dehydrogenase has been
proposed by numerous investigators (Aftring et al., 1982;
Hauschildt et al., 1982; Patel & Olson, 1982; Paul &
Adibi, 1983).

Phosphorylation of branched-chain 2-oxo acid dehyd-
rogenase is not cyclic-AMP-mediated (Randle et al.,
1984). However, the activation state of branched-chain
2-oxo acid dehydrogenase can be modified by dietary
protein (Gillim et al., 1983; Patston et al., 1984) and
individual amino acids (Block et al., 1985). Stimulation
of amino acid transport into livers of rats after
administration of certain hormones in vivo has been well
documented (Tews et al., 1970; Guidotti et al., 1978). In
these studies, glucagon was the most potent stimulator of
amino acid transport into liver, followed by adrenaline,
cortisol and insulin. Hence the ability of the hormones in
the present study to activate branched-chain 2-oxo acid
dehydrogenase may be correlated with their stimulatory
effects on liver amino acid transport. Alternatively, the
activation of the complex observed after high-protein
feeding may be mediated by certain hormones. Marked
increases in portal-vein blood glucagon concentrations
are observed in rats after high-protein feeding (Eisenstein
et al., 1979). Starvation, like high-protein feeding, is
associatedwithincreasesin blood glucagonconcentrations
(Pozefsky et al., 1976) and liver branched-chain 2-oxo
acid dehydrogenase activities (Paul & Adibi, 1982). It is
tempting to speculate that the activation of hepatic
branched-chain 2-oxo acid dehydrogenase by glucagon
serves (a) to clear excesses of branched-chain amino
acids and 2-oxo acids during high-protein feeding and (b)
to supply the organism with gluconeogenic and ketogenic
substrates during periods of starvation. However,
whether or not the relationship between blood glucagon
concentration and liver branched-chain 2-oxo acid
dehydrogenase activity is causal is unknown at present.
Harris et al. (1985) have proposed that cyclic AMP may
activate the complex in hepatocytes of low-protein-fed
rats indirectly by lowering the concentrations of lactate
and pyruvate. Also, Randle and associates (Patston et al.,
1984; Espinal et al., 1985) have described a protein
activator (presumably the free El subunit ofthe complex)
which activates branched-chain 2-oxo acid dehydrogenase
without dephosphorylation. To what extent hormones
alter the activity of this protein is unknown. Clarification
of the mechanisms underlying these processes will aid in
the understanding of the physiological importance of
hormone-mediated increases in branched-chain 2-oxo
acid dehydrogenase activity.
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