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Leucine and Protein Synthesis: mTOR and Beyond
Martha H. Stipanuk, PhD

The effects of amino acid intake on protein synthesis
in the intact rat appear to be mediated almost entirely
by a single amino acid: leucine. The effect of leucine
on protein synthesis appears to be closely associated
with eIF4G phosphorylation and its association with
eIF4E, but whether eIF4G phosphorylation actually
mediates the effects of leucine or is merely associated
with these events has not been elucidated. Additional
research is needed to determine whether leucine ef-
fects eIF4G phosphorylation, whether eIF4G phos-
phorylation is essential for the effect of leucine on
protein synthesis, and whether mTOR (mammalian
target of rapamycin) or another component of the
mTOR complex is somehow involved in leucine-spe-
cific signaling.
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INTRODUCTION

The synthesis of protein in tissues is rapidly stimu-
lated after oral intake of nutrients. The importance of an
adequate supply of amino acids for feeding-induced
changes in muscle protein synthesis has been demon-
strated by observations that, whereas ingestion of a
mixed meal stimulates skeletal muscle protein synthesis
in food-deprived animals, consumption of a protein-
deficient meal does not elicit this response.1-4 Of all of
the amino acids present in dietary protein, one particular
amino acid, leucine, appears to mediate most of the
effects of protein/amino acid intake on protein metabo-
lism. The central role of leucine in mediating the ana-
bolic effects of protein/amino acids on muscle protein
metabolism was obvious by the mid-1970s,5-9 but the
mechanisms by which leucine increases protein synthesis
have begun to emerge only since the turn of the century.

The anabolic effect of leucine on protein synthesis is of
great interest nutritionally both in terms of the reduction
of loss of lean body mass in various disease states and in
the maintenance/enhancement of lean body mass in
healthy individuals.

A number of studies have been conducted to eluci-
date the basis of this anabolic effect of leucine. One
major contender over the past few years has been the
mTOR (mammalian target of rapamycin) pathway,
which mediates the effects of insulin on protein synthe-
sis. However, it now seems clear that leucine stimulates
protein synthesis largely through insulin-independent
mechanisms, although basal insulin levels are important
for a maximal effect of leucine on protein synthesis, and
the possible role of mTOR in leucine signaling is uncer-
tain. The objective of this review is to summarize much
of the work addressing the role of leucine in the regula-
tion of protein synthesis.

THE STIMULATION OF PROTEIN SYNTHESIS
BY AMINO ACIDS IS NOT CAUSED SIMPLY
BY AN INCREASED CONCENTRATION OF
SUBSTRATE

Of the nutrients provided by a complete meal, amino
acids are important because they provide substrate for
enhanced protein accretion. However, the increase in
protein synthesis that follows intake of a meal containing
protein or amino acids cannot be explained by the con-
sequent increase in amino acid concentrations. Vary et
al.10 identified four lines of evidence suggesting that
amino acids do not augment protein synthesis merely by
increasing substrate availability. First, tRNAs are essen-
tially fully charged with their respective amino acids at
the intracellular amino acid concentrations found in tis-
sues of fasting animals. Thus, it seems unlikely that
increasing substrate availability by provision of a meal
would result in further charging of the tRNAs. Second,
whereas one might predict that an increase in substrate
(i.e., aminoacyl-tRNA) concentration would accelerate
protein synthesis by enhancing peptide-chain elongation,
experimental evidence clearly indicates that amino acids
primarily exert their effects on protein synthesis by
accelerating peptide chain initiation rather than elonga-
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tion. Third, removal of leucine can prevent the overall
stimulation of protein synthesis by amino acids, yet
removal of methionine is without effect. Fourth, nor-
leucine, a structural analogue of leucine, is able to
stimulate protein synthesis even though it cannot be
incorporated into the growing polypeptide chain during
protein synthesis.

MAMMALIAN PROTEIN SYNTHESIS IS
REGULATED AT TWO STEPS OF THE
TRANSLATION INITIATION PHASE

The regulation of protein synthesis in mammalian
tissues has been demonstrated to occur primarily through
modulation of two of the steps in this complex pathway.
These two steps are both involved in the initiation phase
of translation—the formation of a ribosome binding
site/translation start site—rather than in the elongation
phase.

Step 1: eIF2-Dependent Formation of the 43S
Pre-Initiation Complex

One of the regulated steps in translation initiation is
the binding of methionyl-tRNAi (Met-tRNAi) to the 40 S
ribosomal subunit to form the 43 S pre-initiation com-
plex (Figure 1A). This step is mediated by eukaryotic
initiation factor 2 (eIF2), which is a heterotrimeric GTP-

binding protein. In its GTP-bound state, eIF2 interacts
with Met-tRNAi to form an eIF2-GTP �Met-tRNAi ter-
nary complex, which in association with other factors,
binds to the 40 S ribosomal subunit. The resulting
40S �Met-tRNAi �eIF2-GTP complex then binds to
mRNA near the cap structure by interaction of a central
domain of eIF4G with eIF3 (see Figure 2B and subse-
quent text).

eIF2 Kinase Controls eIF2-GDP Recycling

Following successful engagement of Met-tRNAi
with the start codon, the GTP is hydrolyzed to GDP and
Pi, a process that also involves eIF5 (a GTPase activator
protein), and the eIF2-GDP complex leaves the ribosome
(Figure 1B). For eIF2 to be used to form a new ternary
complex, the eIF2-GDP must be recycled back to the
active eIF2-GTP complex. Recycling of eIF2-GDP is the
function of eIF2B, the guanine nucleotide exchange
factor for eIF2. The overall process of Met-tRNAi bind-
ing is regulated via phosphorylation of eIF2’s �-subunit
by any one of four mammalian eIF2 kinases, which are
activated under specific stress conditions. Phosphoryla-
tion of eIF2 both enhances the association of eIF2 with
eIF2B and potently inhibits the GDP/GTP exchange
activity of eIF2B (Figure 1C). One of the eIF2 kinases,
GCN2 (general control nonderepressible 2), is activated
by a lack of one or more essential amino acids.

Figure 1. A, Step 1 of the pathway for initiation of eukaryotic mRNA translation: formation of the 43S preinitiation complex. B,
Release and recycling of eIF2 �GDP upon successful engagement of Met-tRNAi with the start codon. C, Regulation of eIF2 �GDP
recycling by eIF2 phosphorylation.
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Step 2: eIF4-Dependent Recognition of the
m7GTP mRNA Cap Structure

The second of the two regulated steps in translation
initiation involves recognition of the cap structure and
formation of a ribosome binding site/translation start site
selection (Figure 2A). This step is mediated by a hetero-
trimeric complex of eukaryotic factors referred to as
eIF4F. The three subunits of eIF4F are eIF4A, eIF4E,
and eIF4G. The triggering event for translation start site
selection is the binding of the eIF4E subunit of eIF4F to
the m7GTP cap structure present at the 5�-end of essen-
tially all eukaryotic mRNAs. The eIF4A subunit, an
ATP-dependent RNA helicase, unwinds a secondary
structure in the 5�-untranslated region of the mRNA to
facilitate small ribosomal subunit binding. As shown in
Figure 2B, eIF4G, a large, multi-domain protein, medi-
ates a series of protein-protein interactions that culminate
in the recruitment of the 43S complex to the mRNA
5�-end. In addition to binding the eIF4E and eIF4A
subunits of the eIF4F complex, eIF4G serves as a scaf-
fold for recruitment of eIF3, which also binds the small
(40S) ribosomal subunit (i.e., the 40S �Met-tRNAi �eIF2-
GTP complex described above in step 1 of the translation
initiation process). eIF4G also binds the poly(A)-binding
protein (PABP), allowing circularization of the mRNA,
which may allow for more efficient translation. eIF4G
also has a binding site for the Mnk1 protein kinase,

which phosphorylates eIF4E, and assembly of the eIF4F
complex may be stimulated through phosphorylation of
eIF4E and eIF4G, although the mechanisms are poorly
defined.

Phosphorylation-Dependent Formation of the eIF4
Complex

Changes in the availability of eIF4E to form the
active eIF4E �eIF4G complex occur through modulation
of the association of eIF4E with eukaryotic initiation
factor 4E-binding protein (4E-BP1), which acts as a
translational repressor. The binding of eIF4E to 4E-BP1
is regulated through phosphorylation of 4E-BP1 (Figure
2C). In its hypophosphorylated state, 4E-BP1 binds
eIF4E tightly. Because 4E-BPs bind to the same site on
eIF4E as does eIF4G, the association of eIF4E with
4E-BP1 blocks the ability of eIF4E to bind to eIF4G.
Phosphorylation of 4E-BP on multiple residues relieves
translational repression by favoring the dissociation of
the eIF4E �4E-BP complex, freeing eIF4E to bind to
eIF4G and, hence, to form the translationally active
eIF4F complex.

Leucine Stimulates Assembly of the eIF4F Complex

Anthony et al.11 investigated the mechanisms in-
volved in the stimulatory effect of leucine on protein

A.  eIF4E-dependent recognition of the m7GTP mRNA cap 
structure and formation of a ribosome binding site
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Figure 2. A, Step 2 of the pathway for initiation of eukaryotic mRNA translation: eIF4E-dependent recognition of the m7GTP mRNA
cap structure and formation of a ribosome binding site. B, Binding of the 43S ribosomal (preinitiation) complex. C, Regulation of
eIF4E availability for cap recognition by phosphorylation of eIF4E-BP.
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synthesis in skeletal muscle of rats. Leucine had no effect
on the Met-tRNAi binding step in translation initiation,
as assessed by the phosphorylation status of eIF2 �-sub-
unit (Ser51) and by the guanine nucleotide exchange
activity of eIF2B. In contrast, leucine had a stimulatory
effect on assembly of the eIF4F complex, a key compo-
nent in the mRNA binding step in translation initiation,
as assessed by the phosphorylation status of the eIF4B
binding protein 4E-BP1 and by the association of eIF4E
with 4E-BP1 and eIF4G.

MANY OF THE EFFECTS OF LEUCINE ARE
ASSOCIATED WITH THE ACTIVATION OF
mTOR AND ARE SIMILAR TO THE EFFECTS
OF INSULIN

The discovery in mammalian cells of mTOR, a
homolog of the yeast protein serine/threonine kinase
known as target of rapamycin (TOR), in the mid-1990s
provided a very significant breakthrough that has fur-
thered our understanding of the role of both leucine and
insulin in the regulation of protein synthesis. Named for
its sensitivity to inhibition by the antifungal/immunosup-
pressive agent rapamycin, mTOR is a large, 290-kD
protein kinase whose catalytic domain resembles lipid
kinases such as phosphatidylinositol (PI) 3-kinase
(PI3K), although it functions as a serine/threonine ki-
nase. mTOR signals through two physically distinct
multiprotein complexes, but nutrient- and hormonal-me-
diated effects on cell growth are mediated primarily by
TOR complex 1 (TORC1), which contains raptor and
LST8 in addition to mTOR.

The discovery of mTOR was followed by the obser-
vation in CHO-RI cells that the response to rapamycin
(an inhibitor of mTOR) resembled the response to amino
acid withdrawal. Selective phosphorylation of the 70-kD
S6 protein kinase (S6K1 or p70S6k) and of 4E-BP1
occurred in response to both amino acid withdrawal and
rapamycin treatment, suggesting that amino acid suffi-
ciency and mTOR may signal through a common effec-
tor, which could be mTOR itself or a protein downstream
of mTOR.12 This report was followed by the 1999 report
of Kimball et al.13 that rapamycin prevented the leucine-
induced stimulation of phosphorylation of both 4E-BP1
and S6K1 in L6 myoblasts. Animal studies have also
indicated that the effects of intake of leucine on protein
synthesis in liver, skeletal muscle, adipose tissue, and
other tissues (as assessed by S6K1 and S6 phosphoryla-
tion, hyperphosphorylation of 4E-BP1, or an increase in
ribosomal proteins being actively translated on poly-
somes) may be linked to an mTOR-mediated, rapamy-
cin-sensitive pathway.14-16 These effects of leucine were
similar to the observed insulin-induced increases in ri-
bosomal protein S6 phosphorylation and 4E-BP1 phos-
phorylation, which had already been shown to be medi-

ated by the mTOR signal transduction pathway.17

Because leucine is known to act as an insulin secreto-
gogue, this raised questions about whether the effects of
leucine on protein synthesis are mediated by increases in
insulin.

Leucine Stimulates Protein Synthesis Largely
Through Insulin-Independent Mechanisms

The effects of insulin on mTOR signaling are largely
due to upstream control of mTOR through the TSC1
(tuberous sclerosis complex 1)-TSC2 protein complex,
and this upstream regulation of mTOR signaling through
the TSC1-TSC2 complex is largely mediated by activa-
tion of protein kinase B (PKB or Akt) through a phos-
phatidylinositol (PI) 3-kinase-dependent pathway (Fig-
ure 3). Signal transduction from TSC2 to mTOR is
mediated by a G protein called Rheb (Ras homolog
enriched in brain). In its active state, Rheb is bound to
GTP and interacts with a variety of effector proteins
including mTOR. However, TSC2 has GTPase-activat-
ing protein properties toward Rheb and can convert Rheb
to its inactive Rheb-GDP form. The activity of TSC2 is
impaired when TSC2 is phosphorylated by PKB in
response to insulin. Thus, in the presence of insulin,
TSC2 does not hydrolyze the GTP associated with Rheb
and Rheb-GTP is able to activate mTOR. Several pro-
teins involved in the translational machinery, including
the 4E-BP1 and the S6 kinases that phosphorylate mul-
tiple sites in the C-terminus of the 40 S ribosomal protein
S6, are controlled by mTOR. Additionally, unknown
targets for mTOR signaling appear to be involved in
modulating translation of a group of mRNAs known as
5�-TOP (terminal oligopyrimidine tract) mRNAs, many
of which code for ribosomal proteins and translation
factors.

Jefferson et al.11,14,15,18,19 conducted a series of
studies aimed to elucidate the insulin-dependent versus
insulin-independent mechanisms through which leucine
affects protein synthesis. Anthony et al.11,14 adminis-
tered, via oral gavage, saline, carbohydrate, leucine,
isoleucine, valine, or a combination of carbohydrate plus
leucine to rats that had been deprived of food for 18 h.
The amount of leucine, isoleucine, or valine adminis-
tered (approximately 1.35 mg/kg ) was equivalent to the
typical intake of leucine over 24 h by rats fed ad libitum,
and the amount of carbohydrate (approximately 13
mg/kg provided as a mixture of glucose and sucrose) was
equivalent to about 15% of the daily energy intake of rats
fed ad libitum. In this model, protein synthesis in skeletal
muscle (gastrocnemius/plantaris) was reduced in the
food-deprived rats to 65% of the rate observed in control
animals fed ad libitum. Administration of leucine to the
food-deprived rats stimulated protein synthesis to
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136%11 or 165%14 of the untreated saline control value
within 60 min, whereas administration of carbohydrate
alone had no effect. Leucine plus carbohydrate had the
same effect as leucine alone, and administration of either
isoleucine or valine alone had no effect. Leucine admin-
istration produced only a slight, transient rise in the
plasma insulin concentration at 30 min, whereas carbo-
hydrate caused a much greater increase that was main-
tained at 60 min.18 Using a meal-feeding model, Lynch
et al.15 confirmed the stimulatory effect of leucine on
tissue protein synthesis in gastrocnemius, kidney, and
adipose tissue, whereas a carbohydrate meal had no
effect despite a robust increase in plasma insulin in
response to carbohydrate ingestion. Protein synthesis
was associated with an increase in 4E-BP1 phosphory-
lation, a decrease in association of 4E-BP1 with eIF4E,
an increase in association of eIF4G with eIF4E, and an
increase in S6K1 phosphorylation.

Additional studies by this same group of investiga-
tors addressed the response of protein synthesis to
leucine administration when a change in insulin concen-
tration was blocked. The first approach was to use
somatostatin, an inhibitor of pancreatic hormone release.
Anthony et al.18 administered somatostatin prior to the

administration of leucine to maintain insulin concentra-
tions at the fasting basal level throughout the 60-min
time course. When insulin concentrations were main-
tained at fasting basal levels via administration of soma-
tostatin, the effect of leucine on protein synthesis was
attenuated, leading to the conclusion that the transient
increase in plasma insulin in response to leucine admin-
istration to food-deprived rats may be permissive for the
leucine-induced stimulation of protein synthesis. The
leucine-induced increases in 4E-BP1 and S6K1 phos-
phorylation were also attenuated and the increase in S6
phosphorylation was completely blocked, but the asso-
ciation of eIF4E and eIF4G was not diminished by
somatostatin treatment. The relation between insulin and
leucine-induced stimulation of protein synthesis in skel-
etal muscle was further explored using food-deprived
rats with experimentally induced diabetes and food-
deprived nondiabetic control rats.19 As expected, protein
synthesis was reduced (by 65%) in muscle of diabetic
rats compared with nondiabetic control rats. Administra-
tion of leucine to the diabetic rats stimulated protein
synthesis by about 50%, but the resulting rate of protein
synthesis was still markedly lower than that observed in
saline-treated control, nondiabetic rats. The stimulatory

5’-TOP mRNAs

PI 3-kinase
IR

IRS1

PKB

TSC1/TSC2

Rheb.GTP

mTOR
Complex 1

Leucine

4E-BP1 ?? S6K1

eIF4E rpS6

eIF4F complexes: 
cap-dependent
initiation

??Ribosome                
biogenesis

?

?

Figure 3. The pathway for activation of mTOR (mammalian target of rapamycin) by insulin, through PKB (protein kinase B) and
the inactivation of TSC1-TSC2 (tuberous sclerosis complex 1 and 2), and downstream signaling events from mTOR that impinge
upon the translational machinery. (Adapted from Proud, 2006.32)
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response to leucine was enhanced in diabetic rats treated
acutely with insulin, although the rate of protein synthe-
sis was still substantially less than the value for nondia-
betic rats treated with leucine. Remarkably, in the dia-
betic rats, leucine administered alone had no effect on
mTOR signaling to 4E-BP1 (including eIF4G associa-
tion with eIF4E) or S6K1 in skeletal muscle, but none-
theless stimulated protein synthesis.

Comparison of the effects of norleucine, a leucine
analogue that does not act as an insulin secretogogue, to
those of leucine also supported an insulin-independent
mechanism for leucine signaling. Lynch et al.15 found
that norleucine stimulated protein synthesis, without af-
fecting plasma insulin concentrations, in gastrocnemius,
heart, adipose tissue, kidney, and liver of rats that had
been food deprived for 18 h. The effect of norleucine on
protein synthesis was similar to that produced by sup-
plementation with an equimolar amount of leucine (ap-
proximately 1.35 mg/kg), whereas norleucine typically
was less effective than leucine in increasing S6K1 phos-
phorylation and 4E-BP1 phosphorylation.

To assess the responses to lower amounts of leucine,
food-deprived rats were administered (by oral gavage)
leucine in amounts ranging from 0.068 to 1.35 g/kg body
weight.16 Results showed that stimulation of protein
synthesis by leucine 30 min after its administration
reached a maximal value of 135% of the untreated
control rate with 0.135 g/kg of the amino acid (i.e., 10%
of the amount used in the studies in the food-deprived rat
model that were discussed above). The response in pro-
tein synthesis paralleled those of eIF4G phosphorylation
and eIF4G association with eIF4E, whereas signaling
through mTOR to 4E-BP1 and S6K1 continued to in-
crease in proportion to the increasing amounts of leucine
administered and its plasma concentrations. An increase
in the plasma insulin concentration was observed only at
the highest amounts of leucine administered (i.e., 50%
and 100% of the amount used in the earlier studies
described above). Thus, this study suggested that the
maximal effect of leucine on protein synthesis could be
obtained without an increase in plasma insulin. Further-
more, this study showed a closer correlation of protein
synthesis to eIF4G phosphorylation and its association
with eIF4E (which reached a plateau with an increase in
leucine dose) than with signaling through mTOR to
4E-BP1 and S6K1 (e.g., phosphorylation of 4E-BP1 and
S6K1 continued to increase as the leucine dose in-
creased). In a different model in which overnight fasted
rats were infused intravenously with leucine, lipids, or
both to alter rates of protein synthesis, Lang20 similarly
showed a close correlation of changes in muscle protein
synthesis to changes with eIF4G phosphorylation and
with the association of eIF4G with eIF4E, whereas
changes in 4E-BP1 phosphorylation, S6K1 phosphoryla-

tion, and ribosomal protein S6 phosphorylation were not
closely correlated.

Overall, these results suggest that leucine stimulates
protein synthesis in skeletal muscle largely through in-
sulin-independent mechanisms, but the pathway and
mechanism by which leucine exerts its effects are still
uncertain.

WHAT MEDIATES THE EFFECTS OF LEUCINE
ON PROTEIN SYNTHESIS?

If the effects of leucine on protein synthesis are
mediated largely via an insulin-independent mechanism,
what is the pathway for leucine signaling? Several stud-
ies have implicated eIF4G phosphorylation as a possible
mediator of the effects of leucine on protein synthesis.
As mentioned above for studies with food-deprived rats
given leucine, when insulin concentrations were main-
tained at fasting basal levels via administration of soma-
tostatin, the leucine-induced increases in 4E-BP1 and
S6K1 phosphorylation were attenuated and the increase
in S6 phosphorylation was completely blocked, but the
association of eIF4E and eIF4G was not diminished.18

Furthermore, the leucine dose-response study16 and the
leucine/lipid study20 showed that the response of protein
synthesis closely paralleled those of eIF4G phosphory-
lation and eIF4G association with eIF4E. In addition,
studies in perfused hind-limb preparations from postab-
sorptive rats demonstrated a 60% to 70% increase in
protein synthesis when the perfusate leucine concentra-
tion was increased to 10 times that in the basal medium,
and this increase in protein synthesis was associated with
no change in mTOR signaling to 4E-BP1 or S6K1.21

Instead, the higher leucine concentration caused phos-
phorylation of eIF4G on Ser1108 and increased associa-
tion of eIF4G with eIF4E.

Vary and Lynch22,23 further examined the promotion
of protein accretion in rat skeletal muscle and heart in
response to meal intake. Rats were trained to consume a
meal (non-purified diet) when it was presented for 3 h
beginning 30 min after the beginning of the dark cycle.
Meal feeding enhanced the assembly of the active
eIF4G �eIF4E complex, and this was associated with a
10-fold rise in phosphorylation of eIF4G (Ser1108) and a
decreased assembly of the inactive 4E-BP1 �eIF4E com-
plex, which returned to basal levels within 3 h of removal
of food (i.e., 6 h after meal provision). The reduced
assembly of 4E-BP1 �eIF4E complex was associated with
a 75-fold increase in phosphorylation of 4E-BP1 in the
�-form (i.e., the most highly phosphorylated isoform
resolved upon electrophoresis of 4E-BP) during feeding.
Similar results were obtained in rat hearts. Although
meal feeding had a clear effect on eIF4G and 4E-BP1
phosphorylation, its effects on mTOR signaling were less
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clear. In skeletal muscle, meal feeding promoted phos-
phorylation of mTOR (Ser2448 and Ser2481, neither of
which is necessarily responsible for mTOR activity and
downstream signaling) and of S6K1. In heart, phosphor-
ylation of mTOR and phosphorylation of S6K1 were not
significantly altered by meal feeding.

Anand and Gruppuso24 studied liver growth in rats
over a 24-h refeeding period following 48 h of food
deprivation. Refeeding resulted in accumulation of liver
protein, increased phosphorylation of S6K1 and 4E-BP1,
diminished association of 4E-BP1 with eIF4E, and an
increased abundance of ribosomal proteins. Administra-
tion of rapamycin to the starved/refed rats potently in-
hibited the phosphorylation of S6K1 and S6K2 and of
4E-BP1, markedly increased the association of eIF4E
with 4E-BP1, and diminished translation of 5�-TOP
mRNAs (ribosomal proteins) compared with saline-in-
jected starved/refed control rats. In spite of the marked
inhibition of mTOR signaling pathways by rapamycin,
the net gain in liver protein over the 24 h refeeding
period was essentially the same for rapamycin- and
saline-injected rats. In addition, refeeding resulted in a
rapid increase in eIF4G association with eIF4E that was
insensitive to rapamycin.

CONCLUSIONS AND QUESTIONS

At this point, it seems clear that most of the effects
of amino acids on protein synthesis are mediated by
leucine. Additionally, it seems clear that leucine stimu-
lates protein synthesis largely through insulin-indepen-
dent mechanisms, although basal insulin levels are im-
portant for a maximal effect of leucine on protein
synthesis. In general, the effects of leucine do not appear
to depend upon the pathways used by insulin signaling or
upon mTOR activation above basal levels. Additional
work is required to resolve the question of whether
mTOR, another component of the mTOR complex, or an
mTOR-independent pathway is involved in leucine-spe-
cific signaling.

The effect of leucine on protein synthesis appears to
be closely associated with eIF4G phosphorylation and its
association with eIF4E, but it is not clear whether eIF4G
phosphorylation is mediated by a leucine-specific activa-
tion of mTOR that is insensitive to rapamycin and
distinct from the insulin-mediated activation of mTOR or
by a signaling pathway that does not involve mTOR.
Furthermore, although eIF4G phosphorylation and the
association of eIF4G with eIF4E appear to be highly
correlated with enhancement of protein synthesis in var-
ious experimental models, whether eIF4G phosphoryla-
tion actually mediates the effects of leucine or is merely
associated with these events has not been elucidated.
Additional research is needed to determine if leucine

mediates eIF4G phosphorylation and if eIF4G phosphor-
ylation is essential for the effect of leucine on protein
synthesis.

With regard to these questions, the recent report by
Wang et al.25 that amino acids and insulin regulate
different sets of phosphorylation sites in 4E-BP1, and
that the insulin-modulated ones are sensitive to rapamy-
cin (i.e., Ser64/65, Thr69/70) whereas the amino acid-
modulated ones (i.e., Thr36/37, Thr36/37) are largely
insensitive, is of much interest. It is possible that mTOR
itself may undergo differential phosphorylation at vari-
ous sites that affects its downstream functions/targets.
Long et al.26 showed that binding of Rheb to mTOR is
promoted by the presence of amino acids and inhibited
by withdrawal of amino acids or just leucine, but it seems
unlikely that this mechanism could account for the spe-
cific physiological effects of leucine in intact animals.
On the other hand, other kinases have been shown to be
activated in response to leucine administration. Phos-
phorylation of PKC� on its catalytic domain autophos-
phorylation site (Ser729) in skeletal muscle and heart
increased in response to meal feeding and to norleucine
or leucine administration but not in response to insulin or
carbohydrate alone.27,28 Furthermore, perfusion of rat
hind limb with buffer containing elevated concentrations
of leucine stimulated phosphorylation of PKC�, adding
further evidence that leucine could mediate the enhanced
phosphorylation of PKC�.

As work in this area proceeds, it will also be impor-
tant to address inter-species differences. The prominent
effect of leucine administration in humans appears to be
a reduction of protein breakdown rather than an increase
in protein synthesis, a situation that seems to be analo-
gous to the results found for insulin in human versus
animal experiments (i.e., a reduction in proteolysis in
humans and a stimulation of protein synthesis in ani-
mals).29,30 Nevertheless, leucine supplementation has
been shown to increase the fractional synthesis rate for
myofibrillar proteins from vastus lateralis biopsies of
healthy male subjects consuming an adequate diet.31

Whether these apparent differences reflect experimental
approaches and measurements or true differences in
physiological responses and regulatory mechanisms
needs to be resolved.
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