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Amino acids are essential for body protein synthesis.
Moreover, they can be used to produce energy within
the cells. For protein turnover, normal plasma amino
acid concentration enhances proteolytic suppression
by insulin; furthermore, hyperaminoacidemia can
stimulate protein synthesis both in the presence of
baseline insulin and in hyperinsulinemic subjects with
type 1 diabetes. In humans, the availability of amino
acids represents a factor more important than insulin
in maintaining protein synthesis in skeletal muscle.
Among amino acids, branched-chain amino acids ex-
ert an anabolic effect on heart protein metabolism,
and their uptake by the myocardium is increased by

increasing their circulating concentrations. An impor-
tant aspect of branched-chain amino acid metabolism
in the heart (mainly in the ischemic heart) is that
branch-chain amino acid infusion can diminish myo-
cardial lactate; in this way, the inhibition of anaerobic
energy phosphate caused by accumulation of lactate
can be overridden. Plasma amino acid availability
plays an important role in promoting protein synthesis
and in energy production, both in peripheral skeletal
muscle and in the myocardium. �2004 by Excerpta
Medica, Inc.
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Amino acids are required for normal metabolic
function. They are responsible for protein syn-

thesis; for providing energy by oxidation and forma-
tion of carbon dioxide, water, and ammonia; and for
producing secondary messengers, such as neurotrans-
mitters and hormones. Normal subjects have postab-
sorptive rates of whole-body protein synthesis of
about 3 g/kg/day and a greater rate of whole-body
protein degradation. Thus, in normal postabsorptive
subjects, a net protein catabolism of 1.5 g/kg/day
occurs.1 Approximately 315 g of body proteins are
degraded daily in a healthy 70-kg man. An estimated
80% of the resulting amino acids, namely from skel-
etal muscles, are reused for the synthesis of new
proteins (endogenous protein turnover). The remain-
ing 20% are metabolized to glucose, ketones, fats, and
energy.

Insulin is the main anabolic hormone. The effects
of insulin on protein regulation are to decrease prote-
olysis and enhance protein synthesis. Insulin has been
shown to decrease net amino acid release across the
human forearm.2,3 As a consequence, insulin exerts its
primary effect by suppressing proteolysis and its sec-
ondary effect by decreasing amino acid oxidation.4,5

Data from volunteers fasting overnight indicate that
the major influence of insulin in vivo is to inhibit
proteolysis in a dose-dependent manner.6

The in vivo effect of insulin on protein kinetics is
dependent on the prevailing plasma levels of amino
acids.6 Protein synthesis, protein degradation, and

amino acid oxidation have been shown to have insu-
lin-responsive and insulin-unresponsive components.6
The insulin-unresponsive component of these pro-
cesses is highly dependent on the presence of circu-
lating plasma amino acids. In the presence of normal
amino acid levels, proteolytic suppression by insulin
is enhanced.6 Low levels of circulating plasma amino
acids is associated with a lower rate of protein degra-
dation.

It has also been shown that insulin infusions do not
stimulate skeletal muscle protein synthesis in postab-
sorptive patients with insulin-dependent diabetes mel-
litus but, rather, strongly inhibit proteolysis.7 These
findings suggest that the anabolic effect of insulin is
related to the inhibition of protein degradation more
than the stimulation of protein synthesis. Conversely,
whole-body protein synthesis is augmented in the
setting of hyperinsulinemia associated with elevated
levels of amino acids both in healthy subjects8–10 and
in patients with type 1 diabetes,11 whereas protein
synthesis is reduced when insulin is infused only with
glucose.8,11 Thus, elevated plasma amino acid levels
stimulate protein synthesis even in the presence of
elevated baseline insulin levels, and a 10-fold increase
in insulin concentration does not further stimulate
protein formation.12

In humans, amino acid availability is a more im-
portant factor than insulin in maintaining skeletal
muscle protein synthesis. The main role of insulin in
vivo appears to be inhibition of protein degradation.

Branched-chain amino acids—such as leucine, iso-
leucine, and valine—have unique anabolic effects on
muscle protein metabolism. In incubated and perfused
skeletal muscle, protein synthesis was stimulated by
leucine but not by valine or isoleucine.13 In humans,
increasing concentrations of circulating branched-
chain amino acids promotes whole-body protein me-
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tabolism.14 Important effects of branched-chain amino
acids on myocardial protein turnover and amino acid
oxidation, as well as on energy metabolism, are doc-
umented both in animal and in human studies. In
perfused hearts, the same stimulation of protein syn-
thesis attained with a complete mixture of amino acids
was achieved with branched-chain amino acids
alone.15 Chua et al16 demonstrated that high levels of
the decarboxylated products of leucine, valine, and
isoleucine decreased protein degradation in perfused
rat hearts, but only the decarboxylated products of
leucine and valine stimulated protein synthesis, indi-
cating that the degradation of branched-chain amino
acids and/or the accumulation of their catabolic prod-
ucts appeared to be necessary for suppression of pro-
teolysis.

A negative myocardial protein balance has been
demonstrated in postabsorptive patients with chronic
coronary artery disease, and a short-term infusion of
branched-chain amino acids had an anabolic effect on
heart protein metabolism.17 In addition, the myocar-
dial uptake of branched-chain amino acids and their
ketoacid derivatives was enhanced by increasing the
circulating concentrations. Interestingly, during an in-
fusion of a balanced mixture of amino acids, the
uptake of branched-chain amino acids increased, but
the myocardial balance of the other amino acids re-
mained unchanged.18 Branched-chain amino acids and
their keto derivatives are likely oxidized because
branched-chain amino acid transaminase and
branched-chain ketoacid dehydrogenase enzymes re-
sponsible for the initial step toward oxidation of these
substances are abundantly present in the heart.19 Dur-
ing branched-chain amino acid infusion, myocardial
lactate uptake diminishes secondarily to the use of
branched-chain amino acids and their keto derivatives
as oxidative fuels. Of importance, branched-chain
amino acid infusion does not change insulin concen-
tration.

Branched-chain amino acid degradation leads to an
appreciable amount of adenosine triphosphate (ATP).
The input of amino acids into the tricarboxylic acid
cycle provides comparable or even greater amounts of
ATP compared with the oxidation of pyruvate or
lactate. This may be particularly important in acute
ischemia, where the aerobic energy production from
amino acids can reduce the conversion of pyruvate
derived from glycolysis to lactate, favoring the forma-
tion of alanine.20 As a consequence, the inhibition of
glycolysis and anaerobic production of high-energy
phosphate caused by accumulation of lactate can be
overridden.21,22

CONCLUSION
The myocardial availability of branched-chain

amino acids (and their keto derivatives) has a specific
direct anabolic action on heart protein metabolism, as
well as an energetic function. Based on the effects of
branched-chain amino acids on protein turnover and
energy supply, both in skeletal and myocardial mus-
cles, studies were conducted to determine the effects
of supplementation with a balanced mixture of amino

acids on metabolic control in patients with type 2
diabetes and on ventricular function of subjects with
diabetes but no cardiac disease during isometric exer-
cise (handgrip). A study on isolated ischemic rat heart
was also conducted to ascertain the effect of amino
acid supplementation on overall myocardial energy
production. The results of these studies, which are
reported in this supplement, together with published
findings discussed above, lead to the conclusion that
oral administration of amino acids in patients with
diabetes may not only be a supplementation but also a
metabolic therapy.
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