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Leucine: a key amino acid in ageing-associated sarcopenia?
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During ageing, a progressive loss of muscle mass has been well described in both man and
rodents. This loss of proteins results from an imbalance between protein synthesis and degrada-
tion rates. Although some authors have shown a decrease of myofibrillar protein synthesis rates
in human volunteers, this imbalance is not clearly apparent when basal rates of protein turnover
are measured. A decrease in muscle protein synthesis stimulation was detected nevertheless in
ageing rats during the postprandial period, suggesting that the ‘meal signal’ was altered during
ageing. Many results now suggest that aged muscle is less sensitive to the stimulatory effect of
amino acids at physiological concentrations but is still able to respond if the increase in
aminoacidaemia is sufficiently large. Indeed amino acids play an important role in regulating
muscle protein turnover both in vitro and in vivo. At the molecular level, amino acids modulate
gene expression. Amino acid response elements have been characterised in the promoter of tran-
scriptional factor CCAAT-enhancer binding protein homologous protein and asparagine syn-
thetase genes. Among amino acids, leucine seems to play the major role in regulating the
metabolic function. It inhibits proteolysis and stimulates muscle protein synthesis independently
of insulin. Leucine has been shown to act as a real mediator by modulating specifically the
activities of intracellular kinases linked to the translation of proteins such as phosphatidylinosi-
nol 3� kinase and mammalian target of rapamycin–70 kDa ribosomal protein S6 (p70S6K)
kinases. We recently demonstrated in vitro that protein synthesis of ageing rat muscles becomes
resistant to the stimulatory effect of leucine in its physiological concentration range. However,
when leucine concentration was increased greatly above its postprandial level, protein synthesis
was stimulated normally. Moreover, we studied the effect of meal leucine supplementation on in
vivo protein synthesis in adult and ageing rats. Leucine supplementation had no additional effect
on muscle protein synthesis in adults but totally restored its stimulation in ageing rats. Whether
chronic oral leucine supplementation would be beneficial for maintaining muscle protein mass
in elderly men and women remains to be studied.
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Introduction

Normal ageing is characterised by a decline in skeletal
muscle mass and strength associated with increased muscle
fatigability. This phenomenon, named sarcopenia, reduces
physical activities and generates a general weakness in
elderly men and women (Evans et al. 1995). The weakness
of quadriceps muscle predisposes to impaired locomotion,
frequent falls and increases the risk of hip fractures in the

elderly. In addition, there is an increased susceptibility to
illness since skeletal muscles are the major reservoir of
body proteins, and consequently of amino acids, which
could be used for energy production or the synthesis of
acute-phase proteins by the liver. Due to the reduced mus-
cle mass, the ability of aged individuals to fight and recover
from stress is impaired and this impairment promotes the
decrease of muscle mass generated by the stress itself. All
these factors taken together, sarcopenia reduces the quality
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of life for the rapidly expanding older population in the
Western countries. Elucidating the mechanisms that result
in muscle wasting in ageing is therefore of obvious impor-
tance. It is estimated that 20–30 billion dollars of health
costs in the United States of America are spent on problems
directly related to sarcopenia (Schneider & Guralnik,
1990).

The decrease of lean mass is associated with an increase
in the total amount of lipid stores (Cohn et al. 1980) 
(Fig. 1).

This increase in lipid stores appears during the third
decade in men but is delayed in women (Forbes & Reina,
1970). The accumulation of visceral and total body fat is
thought to be a consequence of the reduced daily energy
expenditure, and represents a risk factor for the develop-
ment of type II diabetes during ageing (Holloszy et al.
1985, 1991). In rodent models, although the whole-body
protein mass is not reduced, wasting is nevertheless obvi-
ous in white muscles, which are mainly constituted of type
II (glycolytic) fibres (Holloszy et al. 1991). Muscle wasting
results from a reduction of fibre areas, a loss of myofibrillar
proteins and conversion of type II into type I (oxidative)
fibres (Carlson, 1992). Alterations in mechanical and bio-
chemical properties of skeletal muscle are very similar in
elderly men and women, and elderly rodents (Taylor et al.
1992). Proteins undergo a continuous process of degrada-
tion and synthesis. Thus, protein storage in skeletal muscle
results directly from the overall balance between the rates
of protein synthesis and breakdown. Sarcopenia observed
during ageing is then the consequence of a decreased pro-
tein synthesis, increased proteolysis or a combination of the
two phenomena. The present review focuses on alterations
of muscle protein metabolism during ageing in the post-
absorptive state and will examine the response of both mus-
cle protein synthesis and proteolysis to amino acids, which
are thought to be one of the major regulators of muscle pro-
tein metabolism in the postprandial state.

Ageing and post-absorptive muscle protein metabolism

Young et al. (1975) were the first to report a decline in
whole-body protein synthesis from birth to old age.
However, this decrease is more pronounced in the early
stage of life (1 month to 20 years old) than between adult
and old ages. Since then, various studies confirmed this
observation and it became obvious that whole-body protein
synthesis is either normal or increased in the elderly when
expressed per kg of fat-free mass (Millward et al. 1997).
Despite the fact that skeletal muscle represents 45 % of
body weight, its contribution to whole protein synthesis is
small (<30 %) (Nair et al. 1988). Thus, slight changes in
muscle protein synthesis could not be detected when whole
protein synthesis was assessed. Nair et al. (1995) estimated
that a 70 kg patient who has muscle wasting of 30 % mus-
cle mass will decrease his whole-body protein synthesis by
only approximately 8 %. In order to determine whether
alteration of muscle protein synthesis occurs during ageing,
it is necessary to measure directly muscle protein synthesis
rates. During the last few years, several laboratories have
studied the intensity of muscle protein synthesis during
ageing in order to explain the protein wasting observed.
Although it is now well established that in vivo protein syn-
thesis in skeletal muscles decreases from growing to mature
mammals (Millward et al. 1975; Waterlow et al. 1978;
Lewis et al. 1984; Attaix et al. 1988), it is less obvious
between mature and elderly organisms. In very recent stud-
ies with healthy volunteers, Volpi et al. (1999, 2000)
showed by using phenylalanine kinetics across the leg that
muscle protein synthesis was not modified during ageing
and was similar between 30- and 71-year-old individuals.
Previously, Yarasheski et al. (1992, 1995) recorded the
same conclusion but the same group also showed
(Yarasheski et al. 1993) a decrease in muscle protein syn-
thesis between young and ageing volunteers during the
post-absorptive state. The synthesis of muscle proteins
results from the respective synthesis of the different types
of proteins found within the muscle cells, i.e. myofibrillar,
sarcoplasmic and mitochondrial. The effect of ageing on
the synthesis of these different protein fractions has been
investigated since they reportedly have different synthesis
rates. Welle et al. (1993) found there was a 28 % decrease
in myofibrillar protein synthesis rates in the elderly but not
of sarcoplasmic proteins. A more recent study (Rooyackers
et al. 1996; Balagopal et al. 1997) conducted in young,
middle-aged and ageing subjects showed that sarcoplasmic
protein synthesis was also unchanged during ageing
whereas myofibrillar and mitochondrial protein synthesis
rates were reduced by 31 and 40 % respectively in middle-
aged subjects. By contrast, with advancing age (middle-
aged v. ageing subjects), rates of myofibrillar protein
synthesis only slightly decreased and no further reduction
of the synthesis of mitochondrial proteins was observed.
Taken together, it is difficult to correlate these observations
with muscle wasting observed during ageing. Indeed, the
major decrease of muscle protein synthesis (myofibrillar
and mitochondrial) occurred in middle-aged subjects who
presented a non-significant reduction of their total muscle
mass (Balagopal et al. 1997). On the other hand, in ageing
subjects who showed a significant decrease of muscle mass
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(–36 %), myofibrillar, sarcoplasmic and mitochondrial pro-
tein synthesis rates were not significantly reduced when
compared with those measured in middle-aged subjects
(Balagopal et al. 1997). In rodent studies, the effect of age-
ing on muscle protein synthesis is no clearer. For example,
the same group reported a decrease (Lewis et al. 1984) or
an increase of muscle protein synthesis (El Haj et al. 1986)
in the rat tibialis anterior between 1 and 2 years of age. In
rat gastrocnemius muscle, Kelly et al. (1984) showed a
decreased protein synthesis while Mays et al. (1991),
Mosoni et al. (1993) and Dardevet et al. (1994, 2002)
reported non-modification or even an increased muscle pro-
tein synthesis. Therefore, age-related alterations in protein
synthesis in the basal state may contribute to, but cannot
explain, the slow erosion of muscle protein mass in either
human or rodent models.

Since muscle protein mass is also directly dependent on
protein degradation, a higher rate of proteolysis might be
expected in ageing organisms to explain the protein loss in
muscles that maintained the same protein synthesis rates at
both ages. Only a few reports regarding variation of muscle
protein degradation during ageing are available. When
assessed from 3-methylhistidine urinary excretion (an indi-
rect index of myofibrillar protein degradation), Young &
Munro (1978) showed that 3-methylhistidine excretion was
similar in adult and ageing subjects when expressed per g
of creatinine (which is an index of muscle mass). Mosoni et
al. (1999) also found no modification of 3-methylhistidine
urinary excretion between 1- and 2-year-old rats. When
more direct methods were used to assess muscle protein
degradation (i.e. phenylalanine fluxes across the leg), Volpi
et al. (1999) and Volpi & Rasmussen (2000) were also
unable to find a modification of muscle proteolysis between
30- and 71-year-old volunteers. Such a similarity also
appears when measuring gene expression for several pro-
teins involved in the three major proteolytic pathways in rat
muscles (cathepsin D, m-calpain, ubiquitin) (Mosoni et al.
1999).

So it appears that in the basal post-absorptive state, mus-
cle protein degradation is not increased in ageing organisms
and that muscle protein synthesis is not or only very
slightly altered. So far, what was observed in the basal
post-absorptive state could not explain the muscle atrophy
observed during ageing. Since there is a diurnal cycle of
protein metabolism with catabolic, post-absorptive and ana-
bolic, postprandial periods (Millward et al. 1994), it can be
postulated that age modifies muscle protein metabolism by
affecting the mechanisms involved in the control of protein
turnover in the postprandial state.

Ageing and postprandial muscle protein metabolism

During the day, protein metabolism is modified by food
intake. Whole-body proteins are stocked during the post-
prandial periods and lost in post-absorptive periods. With a
muscle protein mass that remains constant, the loss of mus-
cle proteins is compensated by the same protein gain at the
postprandial state (Fig. 2).

In adult volunteers, oral feeding is associated with an
increase of whole-body protein synthesis and decrease of
proteolysis (Rennie et al. 1982; Pacy et al. 1994; Boirie et

al. 1996; Volpi et al. 1996; Arnal et al. 2000). These
changes are mediated by feeding-induced increases in
plasma concentrations of both nutrients and hormones.
Many studies suggest that amino acids and insulin play
major roles in promoting postprandial protein anabolism.
Feeding a protein-free diet to human subjects (Volpi et al.
1996) or rodents (Yoshizawa et al. 1997a, 1998) did not
induce any stimulation of protein synthesis despite a signif-
icant rise in plasma insulin, suggesting that amino acids but
not insulin are essential in postprandial stimulation of pro-
tein synthesis. In accordance with this lack of an effect of
insulin, refeeding causes the same effects on protein syn-
thesis in diabetic mice and control animals despite no
changes in postprandial plasma insulin concentrations
(Svanberg et al. 1996, 1997). Likewise, provision of exoge-
nous insulin to freely fed rodents did not increase muscle
protein synthesis beyond the effect of refeeding (Garlick et
al. 1983; Svanberg et al. 1996). Furthermore, the effect of
feeding on protein metabolism is correlated to the amount
of protein intake. Pacy et al. (1994) showed whole-body
protein synthesis was more stimulated and protein degrada-
tion was more inhibited when the protein content of the diet
was increased from 0·36 to 2·77 g/kg per d.

Studies have shown specific differences between adult
and elderly subjects in the response of protein metabolism
during the transition from post-absorptive to the fed state.
At the whole-body level, proteolysis inhibition in the fed
state was lower in ageing men or women than in adults
(Boirie et al. 1996; Arnal et al. 2000). The stimulatory
effect of food intake has also been investigated in skeletal
muscle protein synthesis. Welle et al. (1994) showed no
difference in whole-body incorporation of leucine into pro-
teins in the young. However, the fractional myofibrillar
protein synthesis in the vastus lateralis muscle was 28 %
slower in the older group. In rats, Mosoni et al. (1995) and
Dardevet et al. (2002) found that protein synthesis was
stimulated only in adult but not in elderly rats. This loss of
protein synthesis response to the anabolic effect of food
intake could be involved in muscle protein loss that occurs
during ageing; since, every day, lost protein during the
post-absorptive period will not be completely recovered
during the postprandial period in the oldest subjects.
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Since amino acids play an important role in regulating
protein synthesis, it has been hypothesised that during age-
ing, availability of amino acids could be affected. Boirie et
al. (1997) have shown in human volunteers that the first-
pass splanchnic uptake of leucine increases with age and
may limit the availability of amino acids to the peripheral
tissues. Volpi et al. (1999) confirmed this observation but
showed that the delivery of amino acids to the tissues
increased to the same extent in both adult and elderly indi-
viduals. In rats (Dardevet et al. 2002), no difference in DM
intake or in essential amino acid concentrations in plasma
was recorded, thus a defect of amino acid availability can-
not be responsible per se for the defect of postprandial
anabolism. Other studies have explored the direct effect of
amino acids on muscle protein synthesis and have shown
that protein synthesis responds normally if amino acids are
infused continuously in elderly rats (Mosoni et al. 1993).
Similarly, Volpi et al. (1999) observed that muscle protein
synthesis was still stimulated with an increase of amino
acid availability in elderly human subjects after oral amino
acid administration. It is important to note that the amount
of amino acids infused or orally given in these two experi-
ments led to a sustained large hyperaminoacidaemia (most
of the essential amino acids were more than doubled) and
was not representative of the plasma amino acid profile
observed with a normal mixed meal consumption (Elia et
al. 1989; Bergström et al. 1990). Recently, Arnal et al.
(1999) demonstrated that the response of protein turnover
was restored in elderly subjects if a ‘protein-pulse feeding’
pattern (80 % of daily proteins in one meal) was used
instead of ‘spread-protein feeding’ (daily proteins equally
distributed). Even if the plasma amino acids were not mea-
sured in this experiment, it could be easily assumed that
amino acid availability to peripheral tissues was higher
with protein-pulse feeding than with protein-spread feed-
ing. These results suggest that aged muscle is less sensitive
to the stimulatory effect that amino acids have at physio-
logical concentrations but is still able to respond if the
increase in aminoacidaemia is sufficiently large.

Leucine and postprandial anabolism

Regulation of muscle protein synthesis

Several studies have indicated that branched-chain amino
acids (BCAA) regulate skeletal muscle protein synthesis. In
vitro as well as in vivo, addition or infusion of BCAA at 5
times fasting plasma concentrations enhanced muscle pro-
tein synthesis (Fulks et al. 1975; Li & Jefferson, 1978).
Furthermore, Garlick & Grant (1988) showed that infusion
of BCAA and glucose stimulates skeletal muscle protein
synthesis in post-absorptive rats as efficiently as a complete
amino acid mixture and glucose. These data suggest that
BCAA are responsible for the anabolic effect of amino
acids on muscle protein synthesis. Buse et al. (1975)
demonstrated in vitro in rat hemidiaphragms that leucine
stimulated protein synthesis as effectively as a mixture of
all three BCAA, suggesting that the effect of amino acids
on muscle protein synthesis can be attributable to leucine
alone and independently of the other BCAA. Li & Jefferson
(1978) confirmed this hypothesis on hindlimb preparations,

in which leucine at 10 times fasting plasma concentrations
reproduced the effect of all BCAA on muscle protein syn-
thesis. More recently, Anthony et al. (2000a) showed that
orally administered leucine stimulated muscle protein syn-
thesis by itself in vivo and this was independent of insulin.
However, several authors were unable to detect an effect of
leucine alone on muscle protein synthesis in post-absorp-
tive rats or ruminants (McNurlan et al. 1982; Funabiki et
al. 1992; Papet et al. 1992). The discrepancy between in
vitro and in vivo studies remains unclear. Despite differ-
ences in study design and animal species, recent work of
our laboratory (Dardevet et al. 2000) may explain these
apparent conflicting results. In our study on epitrochlearis
muscle, leucine increased protein synthesis in vitro and this
stimulation occurred at physiological concentrations
(100–200 µM) (Fig. 3). In addition, maximal stimulation
was obtained where leucine concentrations ranged between
the post-absorptive and postprandial levels. In vitro, since
muscles are incubated under the normal post-absorptive
leucine concentrations (incubation medium without
leucine), the stimulation of protein synthesis can be
recorded. On the other hand, in vivo, the presence of
plasma leucine, which is already at the post-absorptive
levels and thus close to the maximum effect of leucine on
muscle protein synthesis, can prevent a significant further
increase of muscle protein synthesis.

Regulation of muscle protein degradation

BCAA have also been shown to inhibit protein breakdown
in skeletal muscle studied both in vitro and in vivo. The
three BCAA appeared responsible for the inhibition of pro-
tein degradation by plasma amino acids in rat diaphragm
(Fulks et al. 1975). Louard et al. (1990) indicated that
BCAA infusion suppresses the rate of phenylalanine
appearance in the systemic circulation in normal man, and
specifically its release from forearm muscle. This implies a
suppression of whole-body and forearm muscle proteolysis
in response to BCAA. In addition, elevated BCAA and
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other amino acids were required to restore tissue sensitivity
and specificity to the effects of insulin on protein metabo-
lism after 4 d of fasting in healthy volunteers (Frexes-Steed
et al. 1990), and more recently variation in the sensitivity
of the insulin-mediated inhibition of proteolysis to amino
acid supply has been shown to be an important determinant
of the overall efficiency of postprandial protein utilisation
(Fereday et al. 1998). Buse et al. (1975) and Fulks et al.
(1975) showed that leucine alone, at physiological concen-
trations, was able to inhibit protein breakdown in rat
diaphragm. In accordance with these observations, leucine
infusion decreases protein degradation in human subjects
(Nair et al. 1992). Moreover, in mouse C2C12 myotubes,
leucine starvation accounts for 30–40 % of the maximal
acceleration of protein breakdown obtained with total
amino acids withdrawal (Mordier et al. 2000). These
authors also indicated that leucine starvation induces
autophagy and as a consequence an increase in lysosomal-
dependent proteolysis. Busquets et al. (2000) confirmed
this observation on incubated extensor digitorum longus
muscle using supraphysiological leucine concentrations (10
mM) in the medium. They showed that the effect of BCAA
on muscle proteolysis is mediated in the short term by the
inhibition of lysosomal proteolysis and, in a longer period,
by regulation of ubiquitin–proteasome-dependent proteoly-
sis based on the inhibition of gene transcription observed.

Leucine: an active bio-substrate

Since leucine is able to reproduce the effect of all amino
acids on muscle protein synthesis, it has been hypothesised
that this effect was not dependent on the amino acid con-
centration itself but on a specific signal initiated by leucine.
The stimulation of skeletal muscle protein synthesis caused
by feeding a complete diet has been shown to be mediated
by an increase in the initiation of mRNA translation
(Millward et al. 1983; Kelly & Jefferson, 1985; Preedy &
Garlick, 1986; Yoshizawa et al. 1995). One of the most
tightly regulated steps in translation initiation is the binding
of mRNA to the 40S subunit (Pain, 1996; Rhoads, 1999;
Shah et al. 2000). This step involves the binding of eIF4E
to the m7 GTP cap at the 5� end of the mRNA and the sub-
sequent binding of the eIF4E–mRNA complex to eIF4G,
which is a critical step in the formation of the 48S pre-initi-
ation complex. Two major mechanisms have been
described that contribute to the regulation of the assembly
of these complexes, each of which involves reversible
phosphorylation of proteins implicated in the process.
Previous studies in vitro have reported that increased phos-
phorylation of eIF4E is observed in cultures of cells in
response to a variety of stimuli (for example, growth fac-
tors, hormones) and is positively correlated with changes in
protein synthesis (Rhoads et al. 1993). However, in vivo
studies do not support these results. Indeed, the phosphory-
lation state of eIF4E was not changed in diabetic or insulin-
treated diabetic rats (Kimball et al. 1996); it also was not
changed in skeletal muscle of overnight fasted or refed ani-
mals (Yoshizawa et al. 1997a). Another mechanism
through which translation initiation can be regulated
involves phosphorylation of the eIF4E binding protein 4E-
BP1. Indeed, eIF4E bound to 4E-BP1 can bind to the m7

GTP cap structure, but cannot bind to eIF4G, the active
complex to stimulate translation initiation (for a review, see
Anthony et al. 2001). Thus, 4E-BP1 competes with eIF4G
for association to eIF4E. The ability of 4E-BP1 to bind to
eIF4E is largely dependent on the phosphorylation state of
4E-BP1. Phosphorylation of 4E-BP1 releases eIF4E from
the 4E-BP1–eIF4E complex, which in turn is available to
bind to eIF4G (Fig. 4).

Recent investigations have been undertaken to study the
effect of leucine on these intracellular processes. Anthony et
al. (2000a) showed that orally administered leucine alone
stimulated muscle protein synthesis and that this stimulation
is correlated with a hyperphosphorylation of 4E-BP1. The
formation of the complex 4E-BP1–eIF4E is thus inhibited
and the complex eIF4E–eIF4G is increased. Leucine has
also been shown to increase the phosphorylation of 70 kDa
ribosomal protein S6 (p70S6K) and consequently its activa-
tion (Anthony et al. 2000b; Dardevet et al. 2000). p70S6K
activation has been shown to regulate the translation of spe-
cific mRNA by modulating phosphorylation of ribosomal
protein S6. The activation of p70S6K and 4E-BP1 by amino
acid or leucine involves an upstream signalling pathway
including the mammalian target of rapamycin (mTOR)
(Patti et al. 1998; Kimball et al. 1999). In vitro, stimulation
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of muscle protein synthesis by leucine is totally inhibited by
rapamycin, a specific inhibitor of mTOR (Dardevet et al.
2000). In vivo, when intravenously injected, rapamycin
completely prevents leucine-dependent stimulation of mus-
cle protein synthesis in vivo in association with a lack of
hyperphosphorylation of p70S6K and 4E-BP1. Taken
together, these results suggest that leucine stimulates mTOR
activity in skeletal muscle for initiating protein synthesis
and could be considered as a real active bio-substrate.

In addition to modulating activities of specific intracellu-
lar kinases and factors involved directly in the initiation of
protein translation, leucine also has been shown to modu-
late the transcription of selected genes.

Transcriptional activation of mammalian genes by amino
acid starvation

At the molecular level, most results have been obtained by
studying the up-regulation of asparagine synthetase (AS)
and CCAAT-enhancer binding protein (C/EBP) homolo-
gous protein (CHOP) gene expression by amino acid avail-
ability. By first identifying the genomic cis-elements and
then the corresponding transcription proteins responsible
for regulation of these specific target genes, it is anticipated
that one can progress backwards up the signal transduction
pathway to understand the individual steps required.

Amino acid response elements (AARE) have been char-
acterised in the promoter of CHOP and AS genes (Bruhat et
al. 1997, 2000; Barbosa-Tessmann et al. 1999, 2000).
These two AARE show some homology with specific bind-
ing sites of the C/EBP and ATF/CREB transcription factors.
Although it appears that CHOP and AS AARE sequences
reveal some similarity, there are several lines of evidence
suggesting that induction of CHOP and AS following
amino acid starvation does not occur through a unique and
common mechanism. Particularly, the cis-acting elements
required for induction of the CHOP gene following amino
acid starvation (AARE) or unfolded protein response path-
way are located in different sequences, whereas a unique
sequence is required for AS induction following either
amino acid limitation or activation of the unfolded protein
response pathway. In addition the transcription factors
involved in the amino acid-dependent regulation of CHOP
and AS expression are different. For example, ATF2 plays a
pivotal role in CHOP expression in response to leucine star-
vation but is not able to bind the AARE of the AS gene. On
the other hand, C/EBP b binds and regulates AS AARE
whereas it is not involved in the regulation of CHOP
expression by amino acid limitation (Barbosa-Tessmann et
al. 2000).

The study of the proteins binding the AARE suggests
that several signalling pathways are involved in the up reg-
ulation of gene expression by amino acid limitation. It has
been suggested (Harding et al. 2000; Bruhat & Fafournoux,
2001) that one of these pathways could be related to the
general control process that exists in yeast (Hinnebusch,
1994) where the GCN2p plays a pivotal role. Indeed, this
kinase controls not only the rate of translation initiation but
also up regulates a coordinately expressed set of genes
involved in amino acid biosynthesis and metabolism.
Recently, the human homologue of GCN2 has been cloned

and studied (Berlanga et al. 1999; Sood et al. 2000).
GCN2p phosphorylates the initiation factor eIF2α on the
serine 51 that leads to inhibition of protein synthesis. Using
embryonic stem cells with a targeted mutation in GCN2,
Harding et al. (2000) demonstrated that GCN2p is required
for the induction of CHOP mRNA in response to leucine
starvation. GCN2p couples leucine limitation to eIF2α
phosphorylation and to activation of gene expression.

The mechanisms involved in the amino acid control of
gene expression have just begun to be understood in mam-
malian cells. Defining the precise cascade of molecular
events by which the cellular concentration of an individual
amino acid regulates gene expression will be an important
contribution to our understanding of metabolite control in
mammalian cells.

Stimulation of muscle protein metabolism by leucine and
ageing

We investigated whether or not a decrease in muscle pro-
tein synthesis sensitivity to leucine during ageing may
explain the defect in postprandial anabolism (Dardevet et
al. 2000). Our study clearly showed that muscle protein
synthesis still responded to the leucine signal in ageing ani-
mals, but the half-maximum effect was observed at amino
acid levels 2 to 3 times greater than in young or adult rats
(Fig. 5). This indicated that, at postprandial leucine levels,
muscle protein synthesis was maximally stimulated in adult
rats whereas it was still poorly increased in ageing animals.
Indeed, we have measured the plasma amino acid concen-
trations in ageing and adult rats in post-absorptive and post-
prandial states and no difference of aminoacidaemia was
found.

The decreased sensitivity of muscle protein synthesis to
leucine in aged rats suggests that the signalling pathway
that carries the leucine signal to the protein translation
machinery was less responsive to the amino acid than in
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muscle protein synthesis measured in vitro in adult and old rats. The
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adult rats. Our study (Dardevet et al. 2000) demonstrated
that p70S6K activity was stimulated by leucine in both
adults and ageing animals but, as recorded with protein
synthesis, this activation occurred with higher and supra-
physiological levels of leucine (half-maximum effects of
110 v. 260 µmol/l, respectively). Thus, to fully activate,
postprandial leucine concentrations are sufficient in adult
rats whereas up to 400 µmol/l are needed for ageing ani-
mals. Our results showed a straight correlation between
sensitivity of muscle protein synthesis and sensitivity of
p70S6K activation to leucine. This confirms the fact that the
signalling pathway PI3�kinase–mTOR–p70S6K is involved
in the stimulation of muscle protein synthesis by leucine.

From this in vitro data, we hypothesised that the defect
in postprandial stimulation of muscle protein synthesis
could be overcome by increasing plasma leucine concentra-
tion in vivo. We studied the effect of acute meal leucine
supplementation on protein synthesis in adult and ageing
rats in both gastrocnemius and soleus muscles. In these in
vivo experiments, leucine supplementation had no addi-
tional effect on muscle protein synthesis in adults but
totally restored its stimulation in ageing rats and this
occurred in both muscles studied (Fig. 6).

Only leucine concentrations in plasma reached supra-
physiological levels in both age groups (twice the control
postprandial values) and confirmed in vivo our hypothesis
that ageing rat muscles are less sensitive to the leucine sig-
nal but are still able to respond when the concentration of
this amino acid is sufficiently increased.

Leucine has been shown to stimulate insulin secretion,
and the restoration of muscle protein synthesis in ageing
rats could originate indirectly through an increase of
plasma insulinaemia. This could not explain the results in
our experiment (Dardevet et al. 2000) since the kinetics of
insulinaemia were not significantly different in the rats
fed the control and the leucine-supplemented meals.

Furthermore, insulin levels were not different from those of
the adult groups in which a stimulation of muscle protein
synthesis has been nevertheless recorded. However, it is
important to emphasise that the presence of insulin seems
nevertheless indispensable in the postprandial stimulation
of muscle protein synthesis by amino acids. Indeed, the
acute decrease of postprandial insulinaemia to post-absorp-
tive levels due to either anti-insulin serum (Millward et al.
1983) or diazoxide treatment (Sinaud et al. 1999; Balage et
al. 2001) greatly impaired muscle protein synthesis.

Our study (Mosoni et al. 1993) explains why amino acid
infusion, which induced a three-fold increase in plasma
leucine, stimulated muscle protein synthesis to the same
extent in adult and ageing rats. A similar conclusion could
be deduced from the study of Volpi et al. (1999) who
observed a similar effect of oral amino acid administration
on muscle protein synthesis in adult and elderly volunteers;
leucine concentrations were 2·5 to 3·5 higher than with a
control meal. Recently, Arnal et al. (1999) demonstrated
that the response of protein turnover was restored in elderly
subjects if a ‘pulse-protein feeding’ pattern (80 % of daily
protein intake in one meal) was used instead of spread-pro-
tein feeding (daily proteins equally distributed in four
meals). Even if the plasma amino acids were not measured
in this experiment, it could be easily assumed that amino
acid availability after the high-protein meal to peripheral
tissues (i.e. leucine) was higher with pulse-protein feeding
than with spread-protein feeding. An increase of dietary
protein intake was thus beneficial for the maintenance of
muscle protein synthesis in an elderly population. However,
it required 80 % instead of 30 % of proteins in the meal and
it has been shown that high-protein diets may have deleteri-
ous effects on renal function in the elderly (Rowe, 1980).
Since in our experiment (Mosoni et al. 1993) leucine alone
was able to restore muscle protein synthesis, a supplemen-
tation of this amino acid represents a good alternative to
high-protein diets.
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