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Abstract Peripheral resistance to insulin action is the major

mechanism causing the metabolic syndrome and eventually

type 2 diabetes mellitus. The metabolic derangement asso-

ciated with insulin resistance is extensive and not restricted to

carbohydrates. The branched-chain amino acids (BCAAs)

are particularly responsive to the inhibitory insulin action on

amino acid release by skeletal muscle and their metabolism is

profoundly altered in conditions featuring insulin resistance,

insulin deficiency, or both. Obesity, the metabolic syndrome

and diabetes mellitus display a gradual increase in the plasma

concentration of BCAAs, from the obesity-related low-grade

insulin-resistant state to the severe deficiency of insulin

action in diabetes ketoacidosis. Obesity-associated hyperin-

sulinemia succeeds in maintaining near-normal or slightly

elevated plasma concentration of BCAAs, despite the insulin-

resistant state. The low circulating levels of insulin and/or the

deeper insulin resistance occurring in diabetes mellitus are

associated with more marked elevation in the plasma con-

centration of BCAAs. In diabetes ketoacidosis, the increase in

plasma BCAAs is striking, returning to normal when ade-

quate metabolic control is achieved. The metabolism of

BCAAs is also disturbed in other situations typically

featuring insulin resistance, including kidney and liver dys-

function. However, notwithstanding the insulin-resistant

state, the plasma level of BCAAs in these conditions is lower

than in healthy subjects, suggesting that these organs are

involved in maintaining BCAAs blood concentration. The

pathogenesis of the decreased BCAAs plasma level in kidney

and liver dysfunction is unclear, but a decreased afflux of

these amino acids into the blood stream has been observed.
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Introduction

Obesity, the metabolic syndrome, and diabetes mellitus are

presently frequent disorders affecting the Western civili-

zation. The metabolic syndrome and diabetes mellitus are

associated with increased cardiovascular risk and other

devastating complications, including nephropathy and ret-

inopathy. Obesity-associated resistance to the peripheral

action of insulin is a major underlying mechanism causing

the metabolic syndrome and ultimately type 2 diabetes.

Metabolic disturbance associated with insulin resistance is

widespread, involving not only carbohydrate and fat

metabolism, but also protein metabolism. The branched-

chain amino acids (BCAAs) are particularly sensitive to

insulin action and their metabolism has been observed to be

profoundly altered in insulin-resistant states.

Branched-chain amino acids metabolism

Leucine, isoleucine, and valine are referred to as BCAAs.

The side chain in leucine and isoleucine is an isobutyl
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group and the branching occurs on the c- and on the

b-carbon, respectively. Valine side chain is an isopropyl

group branched on the b-carbon (Fig. 1).

The first step in the metabolism of the BCAAs is a

reversible transamination reaction to their respective

branched-chain a-keto acids (BCKAs), catalyzed by the

enzyme branched-chain amino acid aminotransferase

(BCAT). The reversibility of this step implies that the

BCAAs may be either transformed into their cognate

BCKAs or synthesized from them. The transamination

reaction takes place with the partner pair a-ketoglutarate/

glutamate. When the direction of the reaction is toward the

formation of the BCKAs, a-ketoglutarate receives the

amino group of the BCAAs and glutamate is formed. At

the same time, L-leucine yields a-ketoisocaproate (KIC),

L-isoleucine renders a-keto-b-methylglutarate (KIM), and

L-valine produces a-ketoisovalerate (KIV). When the

transamination reaction occurs in the opposite direction,

the BCKAs receive the amino group of glutamate to gen-

erate BCAAs and a-ketoglutarate. Therefore, the BCAT

reaction performs the reversible conversion between glu-

tamate and BCAAs (Fig. 2). In the plasma of healthy

subjects, the BCAAs are much more abundant than their

corresponding keto acids. KIC and KIM are present in the

blood in an amount which is approximately one-fifth (20%)

of the circulating level of leucine and isoleucine, and the

plasma level of KIV is only about 5% of valine plasma

concentration. Valine is the most abundant plasma BCAA,

whereas its keto acid is the least abundant BCKA in plasma

(Schauder et al. 1984a, b)

Two human genes, BCT1 (localized to the short arm of

chromosome 12) and BCT2 (situated in chromosome 19)

encode the expression of two molecular isoforms of BCAT,

cytosolic (BCATc) and mitochondrial (BCATm), respec-

tively (Naylor and Shows 1980). BCAT activity in human

tissues is highest for kidney, followed by brain, stomach, and

heart. A lesser and similar grade of activity is present in liver,

small intestine, and colon while the lowest activity is showed

by muscle and adipose tissue (Suryawan et al. 1998). BCAT

activity has been also detected in human pancreas in a small

study (Goto et al. 1977). In the tissues analyzed, the activity

of the cytosolic BCAT isoenzyme in human beings is

restricted to the brain (Suryawan et al. 1998)

The second step in the BCAAs catabolism is the oxi-

dative decarboxylation of the BCKAs by the branched-

chain keto acid dehydrogenase (BCKD) complex, an inner

mitochondrial membrane enzyme. This enzymatic step is

irreversible and commits the BCKAs to oxidation, pro-

ducing ultimately NADH, CO2, and different end-products

depending on the BCKAs being oxidized. Leucine renders

acetoacetate and acetyl-CoA, isoleucine yields propionyl-

CoA and acetyl-CoA, and the end product of valine

catabolism is propionyl-CoA. Propionyl-CoA formed as

the result of isoleucine and valine catabolism is succes-

sively converted into methylmalonyl-CoA and succinyl-

CoA (Fig. 3).

Fig. 1 The branched-chain

amino acids
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Fig. 2 The branched-chain amino transferase (BCAT) reaction
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The human BCKD complex possesses three subunits: a

branched-chain a-ketoacid decarboxylase/dehydrogenase,

a dihydrolipoyl transacylase, and a dihydrolipoamide

dehydrogenase, which are called E1, E2, and E3, respec-

tively. The E1 and E2 components are specific for the

BCKD complex, whereas E3 is shared with other mito-

chondrial multienzyme complexes, the pyruvate dehydro-

genase complex and the a-ketoglutarate dehydrogenase

complex. BCKD complex framework is organized around

the E2 component, to which E1 and E3 subunits are

attached. BCKD kinase and BCKD phosphatase join the

structure to complete the multiprotein complex (Chang

et al. 2006). The activity of the BCKD complex is tightly

regulated by phosphorylation and dephosphorylation at the

Ser293 residue of E1, catalyzed by a specific kinase and

phosphatase, respectively. Phosphorylation catalyzed by

the specific kinase inhibits the enzymatic activity of the

BCKD complex, whereas it becomes activated when the

Ser293 residue is dephosphorylated by a specific phos-

phatase whose molecular identity has recently been estab-

lished in cultured stable cell lines. In these cells, a

mitochondrial matrix-targeted phosphatase, PP2Cm, spe-

cifically binds the BCKD complex and induces dephos-

phorylation of Ser293 in the presence of BCKD substrates.

In the same cultured cells, the loss of PP2Cm completely

abolishes substrate-induced E1 dephosphorylation. PP2Cm

may be the human endogenous BCKD phosphatase

required for substrate-mediated activation of the BCKD

complex. At least five human single-nucleotide polymor-

phisms in the PP2Cm coding sequence have been listed in

GenBank, suggesting that mutations leading to PP2Cm

dysfunction might be responsible for some types of maple

syrup urine disease (Lu et al. 2009).

The highest enzymatic activity of the human BCKD

complex has been found in kidney, followed by liver, brain,

and heart. Muscle, stomach, and colon had similar and

lesser activity of the enzyme. Adipose tissue and small

intestine had the lowest BCKD complex activity. The

highest concentration of human BCKD kinase (responsible

for the inactivation of the complex) has been found in

skeletal muscle while kidney possesses the lowest activity

state (Suryawan et al. 1998). Tissue distribution of the

putative human BCKD complex phosphatase has not been

reported.

As mentioned, BCAT and the BCKD complex are

broadly expressed in human tissues, indicating wide tissue

ability for BCAAs transamination and oxidation. Taking

into account the organ weight as a proportion of body

weight, the skeletal muscle has the highest quantitative

capacity for both BCAAs transamination and oxidation

(Suryawan et al. 1998). However, the BCKD kinase con-

centration is highest in muscle tissue, denoting the capacity

of skeletal muscle to restrain the oxidation of BCKAs as

well. Additionally, the BCAT has been reported to be more

active than the BCKD complex in skeletal muscle, pointing

out the high transamination capacity of this tissue (Mat-

thews et al. 1981). Of note, while the kidney possesses the

highest BCKD complex activity in qualitative terms, it

holds the lowest ability to inhibit its enzymatic action,

suggesting that this organ may be a major site where

BCKAs are oxidized with little restraint. Peripheral human

lymphocytes possess both BCAT and BCKD complex

Leucine Isoleucine Valine

α-ketoisocaproate
(KIC)

α-keto-β-methylglutarate
(KIM)

α-ketoisovalerate
(KIV)

Acetoacetate Acetyl-CoA Propionyl-CoA

Methyl-malonyl-CoA

Succinyl-CoA

Fig. 3 End products of the

BCAAs/BCKAs metabolism
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activities, but the total capacity for leucine transamination

is about five times greater than for oxidation of KIC

(Schauder and Schäfer 1987). Adipose tissue contribution

to BCAA metabolism in humans has been recently high-

lighted by the significant down-regulation of mitochondrial

BCAA catabolism found in the adipose tissue of obese co-

twins in a study performed on monozygotic twins discor-

dant for obesity. Genes common to the degradation of all

BCAAs including the BCATm and the BCKD E1 b-poly-

peptide are down-regulated in the obese co-twins. Specific

genes for the catabolism of leucine and valine are also

down-regulated in adipose tissue of obese compared to

healthy co-twins (Pietilainen et al. 2008). These findings

confirm a previous report revealing increased BCATm and

BCKD complex enzymatic activity in omental and subcu-

taneous adipose tissue following surgical weight loss

intervention (She et al. 2007).

Some factors are known to influence BCKD complex

activity and BCAAs oxidation. In normal subjects, insulin

suppresses leucine (KIC) oxidation and this effect is

blunted in diabetes mellitus (Tessari et al. 1986; Keller

et al. 2002). The administration of long-chain fatty acids,

unlike medium-chain triglycerides, also decreases leucine

oxidation compared with controls (Keller et al. 2002). In

contrast, leucine oxidation is activated in healthy subjects

by glucagon, (Pacy et al. 1990) glucocorticosteroid therapy

(Zimmerman et al. 1989), and ammonium chloride-induced

metabolic acidosis (Reaich et al. 1992; Straumann et al.

1992). Acute exercise induces activation of BCKD com-

plex in human skeletal muscle, but after training the

activity of this enzyme is reduced, along with an increase

in BCKD kinase protein (Howarth et al. 2007). In a small

randomized crossover study, the activity of BCAT and

BCKD complex in skeletal muscle has been found similar

in young and elderly healthy persons and there was no

difference in the activity of these enzymes during short-

term ingestion of a high-protein diet compared with usual

protein dietary content (Walrand et al. 2008).

Branched-chain amino acids kinetics

Postprandial period

After the ingestion of an animal protein-rich meal, there is

a striking rise in the plasma concentration of BCAAs,

reaching approximately 200% of fasting values. Even

though the BCAAs constitute only around 20% of the total

amino acid content in meat, they represent the majority of

the amino acids entering the systemic circulation following

a meat meal and a disproportionate elevation of BCAA

plasma concentration takes place in this situation (Aoki

et al. 1973; Felig 1975; Aoki et al. 1976; Wahren et al.

1976; DeFronzo and Felig 1980; Elia and Livesey 1983).

The dramatic rise in the systemic levels of BCAAs fol-

lowing a meat meal probably reflects transamination ability

besides intestinal uptake. This notion is supported by

studies demonstrating that enterally delivered KIC is pre-

dominantly converted to leucine by the splanchnic bed

(Matthews et al. 1999). Further, only 12% of the enterally

administered glutamate enters the systemic circulation and

a transfer of nitrogen from glutamate to BCAAs, alanine,

and proline has been detected in the splanchnic bed

(Matthews et al. 1993). Also, in response to an animal

protein-rich meal, blood levels of BCAAs increase signif-

icantly more than BCKAs in healthy volunteers (Schauder

et al. 1984a, b)

During the postprandial period after the consumption of

a meat meal by healthy individuals, the BCAAs are

removed by the muscle tissue (Aoki et al. 1973; Felig

1975; Aoki et al. 1976; Wahren et al. 1976; DeFronzo and

Felig 1980; Elia and Livesey 1983). Similarly, after the

ingestion of L-leucine meals, leucine flux into muscle

increases (Aoki et al. 1981). The excess amino nitrogen

extracted by muscle from leucine is subsequently released

mainly as glutamine and approximately 2 h after meat

ingestion, release of glutamine from muscle is observed

(Elia and Livesey 1983; Aoki et al. 1981).

Intravenous administration of leucine

Skeletal muscle is also the major organ extracting an

intravenous load of leucine. In healthy humans in the

postabsorptive state (after an overnight fast), the intrave-

nous infusion of leucine results in a rise in leucine arterial

concentration followed by an uptake mainly by muscle

tissue (55%), although leucine is also extracted by the

splanchnic region (25%) and by the brain (10%) (Hagen-

feldt et al. 1980). As with the oral administration, gluta-

mine is the major vehicle by which nitrogen leaves muscle

tissue after an intravenous leucine load, and the large

muscle uptake of leucine is followed by a muscle outflow

and a rise in the blood concentration of glutamine in

healthy individuals (Elia and Livesey 1983). Similarly,

after an intravenous infusion of amino acids not containing

glutamine, the skeletal muscle removes approximately

65–70% of BCAAs, followed by a significant increase of

the leg efflux of glutamine in normal persons (Gelfand

et al. 1986).

Postabsorptive state

In healthy subjects in the postabsorptive condition, there is a

net release of amino acids from the skeletal muscle, with

alanine and glutamine making the greatest contribution,

whereas glutamate is released by splanchnic tissues and
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extracted by skeletal muscle. A lesser amount of BCAAs is

released from muscle (Felig 1975; Hagenfeldt et al. 1983).

Alanine and glutamine are generated in excess of their

content in muscle protein, accounting for 60–80% of the

amino acids released from skeletal muscle in the postab-

sorptive condition, denoting that they mostly derive from

‘‘de novo’’ synthesis rather than from proteolysis. Deami-

nation of BCAAs is the major source of nitrogen for the

synthesis of alanine and glutamine in postabsorptive humans

(Haymond and Miles 1982; Darmaun and Déchelotte 1991).

Branched-chain amino acid metabolism

in insulin-resistant conditions

As the BCAAs are very responsive to the circulating level

and cellular action of insulin, BCAA metabolism has been

consistently observed altered in association with insulin

deficiency or tissue resistance to the hormone action.

Disturbances of BCAA metabolism have been described in

obesity, diabetes mellitus, and other insulin-resistant states

such as kidney and liver dysfunction.

In healthy subjects, the ingestion of a meat meal or the

oral provision of leucine increase serum insulin levels,

perhaps via L-leucine action as positive allosteric modula-

tor of glutamate dehydrogenase (Stanley et al. 1998). In

turn, insulin lowers glucose and amino acid content of

plasma in the postprandial period facilitating their entry

into peripheral tissues, including muscle. The decline in

plasma amino acid concentration is most marked for the

BCAAs, tyrosine, phenylalanine, and methionine (Felig

1975; Aoki et al. 1976, 1981; Elia and Livesey 1983). In

the postabsorptive state, insulin inhibits muscle protein

degradation and the rate of net proteolysis is inversely

related to insulin level. The BCAAs are particularly

responsive to the inhibitory action of insulin on amino acid

release by muscle tissue (Pozefsky et al. 1969; Louard et al.

1992), and consequently only a small amount of BCAAs

are liberated from muscle in the postabsorptive state (Felig

1975; Hagenfeldt et al. 1983). Similarly, exogenous insulin

infusion to healthy postabsorptive individuals induces

consistent declines in muscle release of amino acids, par-

ticularly BCAAs, tyrosine, phenylalanine, threonine, and

glycine, while alanine release is not significantly affected

(Felig 1975; Aoki et al. 1976; Elia and Livesey 1983;

Hagenfeldt et al. 1983; Pozefsky et al. 1969). Exogenous

insulin diminishes also blood concentration of BCKAs in

the postabsorptive condition (Schauder et al. 1983).

Diabetes mellitus and the metabolism of BCAAs

Insulin deficiency and insulin resistance in uncontrolled

diabetes mellitus results in the breakdown of muscle

protein leading to muscle wasting while insulin treatment

improves nitrogen balance. In diabetes mellitus there is a

marked increase in the plasma concentration of BCAAs

compared with healthy individuals, particularly in patients

with deficient control of the disease (Elia and Livesey

1983; Felig et al. 1969a, b; Wahren et al. 1972; Berger

et al. 1978; Vannini et al. 1982; Szabó et al. 1991; Manders

et al. 2006). The striking elevation in the plasma level of

BCAAs present during diabetic ketoacidosis promptly

improves after initiation of insulin therapy and the ade-

quate control of the disease results in normalization of the

plasma BCAAs level (Vannini et al. 1982; Szabó et al.

1991). The 24-h urinary excretion of BCAAs is also ele-

vated in diabetic patients before insulin treatment and

normalizes after initiation of insulin (Sasaki et al. 1988;

Szabó et al. 1991). Early starvation (within 36 h of fasting)

in healthy subjects is also accompanied by elevated blood

concentration of BCAAs and BCKAs, coinciding with a

period of maximal fall in serum insulin (Adibi 1968; Felig

et al. 1969a, b; Rudolph et al. 1981; Elia and Livesey 1983;

Schauder et al. 1985).

Obesity and the metabolism of BCAAs

It has been long recognized that obesity is associated with

resistance to insulin action on skeletal muscle and therefore

with impaired glucose disposal. The majority of the studies

demonstrate the existence of an insulin-resistant state per-

taining to protein metabolism as well (Felig et al. 1969a, b;

Forlani et al. 1984; Trevisan et al. 1986; Chevalier et al.

2005, 2006). In obese patients, a much greater increase in

insulin secretion than in controls is required to produce a

comparable fall in amino acid concentration, especially

BCAAs, after glucose infusion (Felig et al. 1969a, b).

During euglycemic insulin infusion, insulin reduces plasma

BCAA levels less efficiently in obese subjects compared

with controls, although no significant difference was

observed in the basal BCAAs values (Forlani et al. 1984).

During a hyperinsulinemic, euglycemic, isoaminoacidemic

clamp, obese women required significantly less exogenous

amino acid infusion to maintain BCAAs level than did the

lean women (Chevalier et al. 2005). Additionally, gluco-

neogenesis is less suppressed and the fraction of gluco-

neogenesis from phosphoenolpyruvate is higher in obese

than in lean subjects, while gluconeogenesis from glycerol

is similar, indicating that the major substrates being used to

the endogenous glucose production are amino acids and

lactate rather than glycerol (Chevalier et al. 2006).

Accordingly with the occurrence of an insulin-resistant

state, postabsorptive serum insulin levels in obesity have

been consistently found elevated compared with healthy

controls and insulin has been observed to be less effective

in blocking the postabsorptive outflow of amino acids from

Insulin resistance and the metabolism of branched-chain amino acids 175

123



muscle, particularly the BCAAs, phenylalanine, and tyro-

sine (Felig et al. 1969a, b; 1974; Forlani et al. 1984;

Caballero and Wurtman 1991; Solini et al. 1997; Chevalier

et al. 2005; She et al. 2007). Consequently, the postab-

sorptive plasma concentration of BCAAs, phenylalanine,

and tyrosine has been detected elevated in obese patients

compared with nonobese individuals (Felig et al. 1969a, b;

Caballero and Wurtman 1991; Solini et al. 1997; Chevalier

et al. 2005, 2006; She et al. 2007; Newgard et al. 2009;

Huffman et al. 2009). Recently, the elevated concentration

of BCAAs in overweight and obese patients has been

independently associated with insulin resistance and line-

arly related to the homeostasis model assessment (HOMA)

index of insulin resistance (Newgard et al. 2009; Huffman

et al. 2009). Additionally, weight loss results in a fall in

serum insulin and a concomitant reduction in the concen-

tration of BCAAs, phenylalanine, and tyrosine (She et al.

2007). Further association between obesity-related insulin

resistance and BCAA metabolism is provided by the results

of a study on monozygotic twins discordant for obesity

disclosing a close correlation between insulin resistance

and adipose tissue down-regulation of mitochondrial

BCAA catabolism in the obese co-twins, who show sig-

nificantly lower whole body insulin sensitivity and higher

plasma insulin concentrations than their healthy co-twins.

The liver accumulation of fat is also increased in the obese

twins (Pietilainen et al. 2008).

Insulin-resistant state in healthy individuals

and the metabolism of BCAAs

The results of recent investigations disclose a clinical

association between BCAA metabolism and insulin resis-

tance in apparently healthy persons. In a study aimed to

investigate the correlates of insulin sensitivity in two

groups of healthy individuals measuring 191 metabolites

by mass spectrometry, multivariate analysis reveals that

reduction in glycerol and BCAAs (leucine/isoleucine)

together during the oral tolerance test provide the strongest

predictor of insulin sensitivity. The decline in BCAAs

plasma level is blunted in insulin-resistant subjects during

the oral glucose tolerance test (Shaham et al. 2008). Fur-

ther, in normal weight subjects, a definite association

between increased blood levels of BCAAs and insulin

resistance has been detected, suggesting that the increased

concentration of BCAAs found in obese subjects is related

to insulin resistance itself rather than obesity. Other amino

acids elevated in persons with high HOMA value are

phenylalanine, tyrosine, and methionine (Tai et al. 2010).

A nested case–control study performed in the Framingham

Offspring Study shows that the BCAAs and two aromatic

amino acids (tyrosine and phenylalanine) have a highly

significant association with future diabetes, displaying a

predictive value for the development of new-onset diabetes

up to 12 years after the baseline examination (Wang et al.

2011).

Chronic kidney disease and the metabolism of BCAAs

It has been long known that chronic kidney disease (CKD)

is an insulin-resistant state (DeFronzo et al. 1981) and that

metabolic acidosis induces insulin resistance to glucose

disposal (DeFronzo and Beckles 1979). The insulin-resis-

tant state induced by metabolic acidosis may be the cause

of the increased muscle protein catabolism observed in this

situation. Patients with CKD feature a protein catabolic

state linked to the occurrence of metabolic acidosis. The

insulin-induced inhibition of skeletal muscle proteolysis is

blunted in patients with CKD and metabolic acidosis, but

net muscle protein degradation is not increased in CKD

patients provided that metabolic acidosis is corrected. In

CKD patients, muscle net proteolysis has been reported to

be inversely related to arterial bicarbonate levels (Tizia-

nello et al. 1977; Garibotto et al. 1996; Boirie et al. 2000).

In children with CKD, the leucine rate of appearance is

markedly higher and the net leucine balance tends to be

more negative when metabolic acidosis is present (Boirie

et al. 2000). The increased muscle protein breakdown

associated with metabolic acidosis is also present in he-

modialysis patients who show greater BCAAs efflux from

skeletal muscle during acidosis in an open crossover study

(Löfberg et al. 2006). Correction of metabolic acidosis

decreases protein catabolism in both CKD and dialysis

patients (Löfberg et al. 2006; Graham et al. 1997).

Notwithstanding the protein catabolic state existing in

CKD patients with metabolic acidosis, the postabsorptive

plasma concentration of BCAAs is decreased in these

patients and correction of metabolic acidosis induces an

increment in the plasma concentration of BCAAs. The

fasting plasma concentration of BCAAs, particularly

valine, has been consistently detected lower in CKD

patients than in healthy controls (DeFronzo and Felig 1980;

Jones and Kopple 1978; Deferrari et al. 1981; Tizianello

et al. 1982, 1983; Garibotto et al. 1993a, b, 1994a, b;

Deferrari et al. 1985; Alvestrand et al. 1988; Fürst et al.

1992; Mak 1999; Canepa et al. 2002). The reduction in

plasma BCAA level persists in hemodialysis patients (Mak

1999; Bergström et al. 1990; Riedel et al. 1992; Kooman

et al. 1997; Małgorzewicz et al. 2008). In patients with

CKD, fasting plasma valine concentration correlates with

venous pH (Mak 1999). Prospective studies show that the

correction of metabolic acidosis with sodium bicarbonate

increases the fasting plasma concentration of BCAAs in

hemodialysis patients, while there is no change following

sodium chloride administration (Mak 1999; Kooman et al.

1997).
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The muscle intracellular concentration of BCAAs, par-

ticularly valine, is also markedly reduced in CKD and

hemodialysis patients compared with controls, and there is

a significant positive correlation between the predialysis

plasma bicarbonate level and the muscle valine concen-

tration in hemodialysis patients (Fürst et al. 1992; Bergs-

tröm et al. 1990). Furthermore, the correction of metabolic

acidosis induces an increase in the muscle intracellular

levels of BCAAs in hemodialysis patients (Löfberg et al.

1997). In uremic children, the red blood cell intracellular

concentration of valine and isoleucine has been reported

diminished compared to controls (Canepa et al. 2002).

The cause of the reduced plasma and intracellular con-

centration of BCAAs associated with the uremic state is

elusive, but it has been shown that both the kidney and the

skeletal muscle liberate smaller amounts of BCAAs into

the circulation in uremic patients than in normal persons. In

healthy individuals, the kidney releases into the circulation

amounts of leucine approximately equal to one-third of the

total leucine production. In CKD patients, the renal release

of leucine per 100 ml of glomerular filtration rate (GFR)

appears markedly increased in comparison with controls,

striving to preserve the leucine release to the blood stream

(Tizianello et al. 1980, 1983; Tessari et al. 1996; Garibotto

et al. 1997). Muscle release of leucine and valine in the

postabsorptive state is also significantly reduced in CKD

patients compared with controls, being directly correlated

with the GFR. Despite the presence of an insulin-resistant

state, these amino acids are added to peripheral blood in

lower amounts in CKD patients than in healthy subjects

(Tizianello et al. 1983; Deferrari et al. 1985; Garibotto

et al. 1992; Garibotto et al. 1994a, b). CKD and hemodi-

alysis patients also display significantly lower plasma

levels of BCKAs than healthy subjects in the postabsorp-

tive state (Riedel et al. 1992; Schauder et al. 1980). A

positive correlation has been observed between plasma

KIC level and the GFR (Walser et al. 1989) and between

arterial KIC concentration and arterial bicarbonate level

(Garibotto et al. 1993a, b). In CKD patients, KIC is

released in reduced amounts than in healthy subjects into

the forearm vein (Garibotto et al. 1994a, b).

Liver failure and the metabolism of BCAAs

The occurrence of an insulin-resistant state involving both

glucose and BCAAs metabolism has been described in

liver disease. Basal plasma insulin levels are higher and the

insulin effect on carbohydrate and BCAAs metabolism are

reduced in cirrhotics compared with controls (Marchesini

et al. 1983a, b). In patients with liver failure, the plasma

concentration of BCAAs has been regularly reported lower

compared with healthy subjects (Elia and Livesey 1983;

Hagenfeldt et al. 1983; Marchesini et al. 1983; Plauth et al.

1990). The plasma level of BCKAs is also reduced

(Schauder et al. 1984a, b). The decreased BCAA plasma

concentration in cirrhosis may be at least in part related to

diminished afflux of BCAAs into plasma. Following

intravenous infusion of these amino acids to cirrhotic

patients and controls, the endogenous basal appearance rate

of BCAAs is lower in cirrhotics, whereas the plasma

clearances of the three BCAAs were near normal despite

hyperinsulinemia (Marchesini et al. 1987). The muscle

intracellular concentration of BCAAs in cirrhosis has been

reported altered heterogeneously, with a reduction of valine

and isoleucine, whereas the intracellular concentration of

leucine remains similar to controls (Plauth et al. 1990).

In contrast to obesity and diabetes and in spite of being

insulin-resistant states, both liver and kidney dysfunction

show low plasma concentration of BCAAs, suggesting that

these organs are involved in maintaining circulating levels

of BCAAs. In both disorders, the whole body afflux of the

BCAAs into the bloodstream is lower than in normal

individuals. In CKD the intracellular muscle concentration

of BCAAs is also lower than in healthy persons, whereas in

liver failure, reduction in the muscle concentration of

valine and isoleucine has been reported.

L-leucine and m-TOR

The intracellular biochemical pathways and gene tran-

scription modifications beyond the insulin action upon the

metabolism of BCAAs are not well defined. Oral admin-

istration of L-leucine enhances insulin secretion. In turn,

insulin promotes muscle uptake of amino acids in the

postprandial period and prevents amino acid release from

muscle during the postabsorptive period. After meals, the

afflux of amino acids and the effect of insulin activate an

anabolic response and protein synthesis is enhanced. The

cellular mechanisms involved in the regulation of protein

synthesis in human muscle are mostly unknown. Both

leucine and insulin seem to activate different signaling

pathways that converge at the mammalian target of rapa-

mycin (mTOR), which is a serine threonine kinase

involved in protein synthesis, among other cellular pro-

cesses. mTOR may be integrated in at least two multi-

protein complexes, mTOR complex 1 (mTORC1) and

mTOR complex 2 (mTORC2). mTORC1 is characterized

by the presence of a regulatory protein called RAPTOR

(regulatory-associated protein of mTOR), whereas

mTORC2 possesses RICTOR (rapamycin-insensitive

companion of TOR). While mTORC1 is sensitive to rap-

amycin, mTORC2 displays a limited inhibition by this

drug. Furthermore, the two complexes differ in their pri-

mary cellular function: activation of mTORC1 stimulates

protein synthesis and cell growth, whereas mTORC2 is

involved in cytoskeleton organization and cellular
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proliferation (Table 1). The signaling pathway through

mTOR in humans and its interaction with other cellular

communication channels to regulate protein synthesis and

other cell functions is not fully understood. Activation of

mTORC1 is mediated by a small GTPase called Rheb (Ras

homolog enriched in brain), which in turn is controlled by

TSC2 (tuberin) and its binding partner, TSC1 (hamartin).

The TSC1-TSC2 complex acts upon Rheb promoting the

conversion of Rheb-GTP to Rheb-GDP and consequently

induces Rheb inactivation which in turn represses

mTORC1 activity. Signaling through mTORC1 is

enhanced by insulin and leucine at least in part through

repression of the activity of the TSC1-TSC2 complex and

consequent inhibition of the GTPase activity of Rheb.

Upon activation, mTORC1 phosphorylates downstream

components ultimately activating translation initiation

(Fig. 4). mTORC1 signaling is also increased by exercise

in humans through an incompletely determined mechanism

(Dickinson and Rasmussen 2010).

In summary, the BCAAs are particularly sensitive to the

effects of insulin and therefore their metabolism is affected

in clinical conditions featuring insufficient insulin action

related either to insulin deficiency or to cellular resistance

to the hormone effect. Elevated BCAA plasma concentra-

tion and a blunted response to insulin have typically been

reported in obesity and diabetes mellitus. Recent studies

reveal similar metabolic alterations in healthy subjects in

Table 1 mTORC1 and

mTORC2
mTORC1 mTORC2

Associated regulatory protein Raptor Rictor

Rapamycin sensitivity Rapamycin-sensitive Limited inhibition

Cellular function Protein synthesis and cell growth Cytoskeleton organization

and cell proliferation

mTOR 
Raptor 

Rheb 

mTOR 

mTOR 

Rictor  

TSC1 

 TSC2 

Insulin 

Leucine 

Translation initiation  

- Cytoskeleton organization 
- Cellular proliferation 

Protein synthesis 

Fig. 4 Simplified mTOR

signaling pathway
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whom insulin resistance is demonstrated and emerging

evidence shows that elevated plasma levels of BCAA may

occur years before than diabetes mellitus is diagnosed,

suggesting a significant predictive value. BCAA metabo-

lism and plasma concentration are surfacing as reliable and

useful markers of insulin action in healthy individuals,

obesity, and diabetes mellitus. Disturbance of BCAA

metabolism in other insulin-resistant conditions such as

kidney and liver dysfunction and its relationship with

metabolic acidosis are not well defined.
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Schauder P, Schäfer G (1987) Oxidation of leucine in human

lymphocytes. Scand J Clin Lab Invest 47:447–453

Schauder P, Matthaei D, Henning HV et al (1980) Blood levels of

branched-chain amino acids and alpha-ketoacids in uremic

patients given keto analogues of essential amino acids. Am J

Clin Nutr 33:1660–1666
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Schauder P, Schröder K, Langenbeck U (1984a) Serum branched-

chain amino and keto acid response to a protein-rich meal in

man. Ann Nutr Metab 28:350–356
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