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Abstract

Food consumption increases protein synthesis in most tissues by promoting translation initiation, and in the neonate, this

increase is greatest in skeletalmuscle. In this study,weaimed to identify thecurrentlyunknowntimecourseof changes in the

rate of protein synthesis and the activation of factors involved in translation in neonatal muscle after a meal. After overnight

food deprivation, 36 5- to 7-d-old piglets were administered a nutritionally complete bolus i.g. meal and were killed

immediately before or 30, 60, 90, 120, or 240min later. The increase in skeletalmuscle protein synthesis peaked 30min after

the meal and this was sustained through 120 min, returning to baseline thereafter. The relative proportion of polysomes to

nonpolysomes was higher only after 30 min. Protein kinase B phosphorylation peaked 30 min after feeding and returned to

baselineby90min. Thephosphorylation ofmammalian target of rapamycin, eukaryotic initiation factor (eIF) 4Ebindingprotein

(4E-BP1), ribosomal protein S6, and eIF4Gwas increasedwithin 30min of feeding and persisted through 120min, but all had

returned to baseline by 240 min. The association of 4E-BP1×eIF4E was reduced and eIF4E×eIF4G increased 30 min after

receiving a meal, remaining so for 120 min, before returning to baseline at 240 min. Thus, in neonates, food consumption

rapidly increased skeletal muscle protein synthesis by enhancing translation initiation and this increase was sustained for at

least 120 min after the meal but returned to baseline by 240 min after the feeding. J. Nutr. 139: 1873–1880, 2009.

Introduction

During the neonatal period of development, when rates of
growth and protein turnover are at their highest, food intake
stimulates protein synthesis in most tissues (1–3). The most
profound postprandial increase in protein synthesis occurs in
skeletal muscle. The rise in protein synthesis in neonatal muscle
can be mimicked by independently raising circulating insulin or
amino acid concentrations to levels normally associated with the
fed state, while maintaining the other anabolic agents and glucose
at baseline concentrations (4–6). Previous studies that investigated
the effect of food intake on skeletal muscle protein synthesis have
focused on 1 specific time point, usually 90–120 min after the

meal. Consequently, little is known about the postprandial time
course of the changes in muscle protein synthesis.

The postprandial stimulation of skeletal muscle protein
synthesis is the result of the activation of the translation
initiation factors involved in regulating mRNA binding to the
ribosome (7–10). A complex of 3 eukaryotic initiation factors
(eIF),6 the RNA helicase eIF4A, the scaffolding protein eIF4G,
and the cap binding protein eIF4E, comprise eIF4F and regulate
mRNA binding to the ribosome (11,12). The rate-limiting step
in eIF4F formation is eIF4E availability, which can be seques-
tered by the eIF4E binding protein (4E-BP1), preventing its
association with eIF4G. Phosphorylation of 4E-BP1 by the
mammalian target of rapamycin complex 1 (mTORC1) releases
eIF4E, allowing eIF4F formation (11,12). mTORC1, a complex
comprised of mTOR, regulatory associated protein of mTOR
(raptor), G-protein b subunit-like protein, and ras homolog
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enriched in brain (Rheb) (13,14), is sensitive to treatment with
rapamycin (15). Although the activation of mTORC1 is regu-
lated by both insulin and amino acids, only the insulin-induced
activation is well characterized. Rheb (a ras-like small guanosine
triphosphatase), a positive regulator of mTORC1, has been
identified as a key player in both insulin and amino acid-induced
mTORC1 activation (16). Insulin enhances Rheb GTP charging
through the ability of activated protein kinase B (PKB; also
known as Akt) to inhibit the Rheb-GTPase–activating function
of the tuberous sclerosis heretodimer (TSC1/TSC2), allowing
activation of mTORC1 (16). Amino acids activate mTORC1
independently of PKB and the insulin pathway (16); however,
the exact mechanism by which amino acids promote mTORC1
has not been elucidated. Additionally, mTORC1 phosphorylates
ribosomal protein S6 kinase (S6K1), an activator of S6 (11), a
protein that enhances translation initiation (17,18). A second
mTOR complex, mTORC2, is rapamycin insensitive and is
comprised of mTOR, rictor, and G-protein b subunit-like
protein (13,14,19) and has been shown to activate PKB,
allowing feedback activation of mTORC1 (20).

In addition to mRNA binding to the ribosome, translation
initiation requires initiator methionyl-tRNA (met-tRNAi) bind-
ing to the start codon, a step mediated by eIF2. In its GTP form,
eIF2 binds the ribosome and locates the mRNA start site,
causing eIF2 hydrolysis and disassociation; eIF2B then recharges
eIF2 with a GTP (21). Phosphorylation of the a subunit of eIF2
transforms it into a competitive inhibitor of eIF2B, preventing
activation of eIF2 and, consequently, reducing met-tRNAi
binding to the ribosome (21). Translation is also dependent
upon rates of elongation. Whereas it has been suggested that the
eukaryotic elongation factor 2 (eEF2) is a substrate of
mTORC1, rapamycin treatment does not alter the phosphoryl-
ation of this factor (22).

Our focus in this study was to characterize the changes in
protein synthesis rates in skeletal muscle of neonatal pigs for a
4-h time period after they had consumed one-sixth of their daily
nutrient requirements as a bolus i.g. meal. Piglets were food
deprived overnight to ensure that there would be no residual
effects of a previous meal. Additionally, this study aimed to
determine the associated changes in the activation of the factors
that mediate translation initiation and elongation.

Materials and Methods

Animals. Four multiparous crossbred (Yorkshire 3 Landrace 3
Hampshire 3 Duroc) pregnant sows obtained from the Agricultural
Headquarters of the Texas Department of Criminal Justice (Huntsville,

TX) were brought to the animal facility of the Children’s Nutrition

Research Center prior to their due date. Sows and piglets were housed

and managed as previously described (23). Piglets were studied at 5–7 d
of age. The Animal Care and Use Committee of Baylor College of

Medicine approved all experimental procedures. This study was

conducted in accordance with the NRC’s Guide for the Care and Use
of Laboratory Animals.

Three to 5 d prior to infusion, piglets weighing 1.59 6 0.52 kg

underwent surgery when catheters were placed in their left external

jugular vein and left common carotid artery. All surgical procedures were
conducted using sterile techniques under general anesthesia (Aerrane,

Anaquest) as described previously (3). After recovering from anesthesia,

piglets were returned to their respective sows until studied.

Treatments and infusions. Overnight food-deprived piglets weighing

1.776 0.07 kg were randomly assigned to 1 of 6 treatment groups (n = 6 ×
treatment group21): 1) overnight food deprivation (0 min controls); 2)
30 min postprandial; 3) 60 min postprandial; 4) 90 min postprandial; 5)

120 min postprandial; and 6) 40 min postprandial. Piglets assigned to a

fed group were gavage fed a gastric bolus meal (40 mL×kg body weight21

delivered by syringe pump over a 15-min period) of Soweena Litter Life
(Merricks),7 a sow milk replacer. Soweena is a highly digestible

semipurified diet that derives 20% of it composition from whey protein

and provides 11.882 MJ×kg21. Because the effects of the meal were

assessed over one-sixth of 1 d, the amount of Soweena administered was
calculated to provide one-sixth of the piglets’ daily requirement. The

15-min blood sample was collected immediately after the meal was

delivered. Piglets were killed immediately before the feeding (0 min) or

30, 60, 90, 120, or 240 min later. Blood samples were collected every
15 min and immediately analyzed for branched-chain amino acid (BCAA)

and glucose concentrations, as previously described (24). Additionally,

plasma samples for insulin and glucose measurements were collected
every 15 min for the first 2 h and every 30 min for the remaining 2 h of

infusion. Plasma immunoreactive insulin concentrations were measured

using a porcine insulin RIA kit (Linco). The concentrations of individual

amino acids from frozen plasma samples collected every 30 min were
measured using an HPLC method (PICO-TAG reverse-phase column;

Waters) as previously described (2).

Tissue protein synthesis in vivo. The fractional rate of protein
synthesis was measured with a flooding dose of L-[4-3H] phenylalanine

(25). For all groups, except the 30 min fed group, piglets received L-

[4-3H] phenylalanine (1.5 mmol×kg body weight21, 0.5 mCi×kg body
weight21; Amersham Bioscience) injected 30 min before they were

killed. Piglets in the 30 min fed group received L-[4-3H] phenylalanine

(1.5 mmol×kg body weight21, 1.0 mCi×kg body weight21) injected 15

min prior to being killed. Piglets were killed and samples were obtained
from the longissimus dorsi muscle and immediately frozen in liquid

nitrogen and stored at 2708C until analyzed as previously described

(1). Previous studies have demonstrated that, after a flooding dose of
3H-phenylalanine is administered, the specific radioactivity of tissue free
phenylalanine is in equilibrium with the aminoacyl-tRNA specific

radioactivity and therefore the tissue free phenylalanine is a valid

measure of the tissue precursor pool specific radioactivity (26).

Polysome profiles. Analysis of ribosome distribution between poly-

somal and nonpolysomal fractions was assessed by sucrose density

gradient centrifugation as previously described (27).

Protein immunoblot analysis. Proteins from longissimus dorsi muscle

homogenates were separated by electrophoresis on PAGE. For each

assay, all samples were analyzed at the same time on triple-wide gels
(C.B.S Scientific) to eliminate interassay variation. Proteins were

electrophoretically transferred to polyvinylidene difluoride transfer

membranes (Pall) and subsequently incubated with appropriate primary

antibodies, washed, and exposed to an appropriate secondary antibody
as previously described (7).

For normalization, immunoblots performed with antiphospho-

specific antibodies were stripped in stripping buffer (Pierce Biotechnology)
and reprobed with corresponding nonphospho-specific antibodies. Blots

were developed using an enhanced chemiluminescence kit (GE health

Sciences), visualized, and analyzed using a ChemiDoc-It Imaging system

(UVP). Primary antibodies that were used in the immunoblotting were
PKB (total and Ser473, Cell Signaling), AMP-activated kinase (AMPK)

(total and Thr172, Cell Signaling), mTOR (total and Ser2448, Cell

Signaling), raptor (total and Ser792, Cell Signaling), 4E-BP1 (total, Bethyl

Laboratories, and Thr70, Cell Signaling), eIF4G (total and Ser1180, Cell

7 Soweena contains: 25 g×100 g21 crude protein; 49 g×100 g21 lactose; 10 g×100
g21 crude fat; 0.04 g×100 g21 crude fiber; 1.1 g×100 g21 calcium; 0.79 g×100 g21

phosphorus; 0.16 g×100 g21 magnesium; 1.5 g×100 g21 potassium; 12 g×100 g21

iron; 1.9 g×100 g21 manganese; 2.9 mg×100 g21 selenium; 12 mg×100 g21 zinc;

275 ng cholecalciferol ×g21 ; 19.8 mg retinol×g21 ; 0.22 mg a-tocopherol×g21 ; 0.90

mg×g21 menadione; 0.05 mg×g21 biotin; 0.34 mg×g21 choline; 0.41 mg×g21 folic

acid; 0.03mg×g-1 niacin; 0.05mg×g21 pantothenic acid; 8.1m×g21 pyridoxine; 0.03

mg×g21 riboflavin; 5.9 mg×g21 thiamin; 0.03 mg×g21 cyanocobalamin; 0.27

mg×g21 ascorbic acid; 2.6 g×100 g21 leucine; and 2.3 g×100 g21 lysine.
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Signaling), S6 (total, Ser235/236, and Ser240/244, Cell Signaling), eIF2a (total

and Ser51, Cell Signaling), and eEF2 (total and Thr56, Cell Signaling).

Quantification of eIF4E�4E-BP1 and eIF4E�eIF4G complexes. The

eIF4E×4EBP1 and eIF4E×eIF4G complexes were immunoprecipitated

using an anti-eIF4E monoclonal antibody from aliquots of fresh tissue

homogenates (28). Briefly, samples were homogenized in 7 volumes of
buffer (in mmol×L21: 20 HEPES, 2 EGTA, 50 NaF, 100 KCl, and 0.2

EDTA, pH 7.4) containing Sigma P3840 Protease Inhibitor Cocktail

(Sigma Chemical) and centrifuged at 10,000 3 g for 10 min at 48C.
Supernatants were incubated overnight at 48C, with constant rocking,
with an anti-eIF4E antibody. Immunoprecipitates were recovered with

goat anti-mouse IgG magnetic beads (Polysciences), washed, and

resuspended in sample buffer as described elsewhere (28) and immedi-
ately subjected to protein immunoblot analysis using rabbit anti-4E-BP1

(Bethyl Laboratories) antibody or rabbit anti-eIF4G (Novus Biologicals).

Amounts of 4E-BP1 and eIF4G were corrected for the amount of eIF4E

recovered in the immunoprecipitate.

Calculations and statistics. The fractional rate of protein synthesis

(Ks, percentage of protein mass synthesized in a day) was calculated as

Ks (%×d21) = [(Eb/Ea) 3 (1440/t)] 3 100, where Eb (in dpm×nmol21) is
the specific radioactivity of the protein-bound phenylalanine, Ea (in

dpm×nmol21) is the specific radioactivity of the tissue free phenylalanine

at the time of tissue collection corrected by the linear regression of the
blood specific radioactivity of the animal against time, t is the time of

labeling in minutes, and 1440 is the minutes-to-day conversion.

ANOVA analysis was carried out in Minitab (version 13.31) using a

general linear model to determine the main statistical differences effects.
Where main effects were significant, between-group analysis was

performed using a Fisher’s least significant difference test. Where

variances were unequal, ANOVA was performed assuming unequal

variances. P-values , 0.05 were considered significant for all compar-
isons and data are presented as means 6 SEM.

Results

Circulating substrate concentrations. Circulating concentra-
tions of glucose increased ~1.5 fold in response to a bolus meal
delivered over a 15-min period and reached a maximum around
60 min postprandially (Fig. 1A; P , 0.001). Glucose concen-
trations declined substantially 240 min after the feeding but
remained above baseline values (P = 0.016). Circulating insulin
concentrations increased postprandially (Fig. 1B; P , 0.001),
reached a maximum concentration by 45 min that was
maintained through 75 min, and declined thereafter, although
it had not attained the baseline concentration by 240 min (P =
0.004). BCAA almost doubled in response to a meal (Fig. 1C;
P , 0.001); maximum levels were attained 30 min after the
feeding and were maintained to 60 min. BCAA concentrations
returned to baseline (time 0 group) levels (~400 mmol×L21) by
240 min postfeeding. Circulating levels of individual amino
acids were generally increased within 30 min of receiving a meal
and returned to baseline by 240 min after the initiation of
feeding (P , 0.05; Supplemental Table 1). The only exceptions
to this were histidine and glutamic acid in which no increases
occurred, whereas changes in glycine (P = 0.055), serine (P =
0.058), and taurine (P = 0.056) concentrations were marginal.

Protein synthesis and polysome profiles. There was a rapid
postprandial increase in the fractional rates of protein synthesis
in skeletal muscle (Fig. 2A; P, 0.001) that reached a maximum
by 30 min (P , 0.005). Fractional synthesis rates remained
elevated through 120 min postfeeding and tended to be lower at
60 (P = 0.057) and 120 min (P = 0.130) compared with those at
30 min. However, by 240 min, protein synthesis rates had
returned to baseline levels.

Analysis of the fraction of the ribosomes in polysomes
compared with those either in monosomes or not associated
with mRNA is a measure of the ratio of the rate of translation
initiation to elongation. Compared with baseline (time 0 group)
controls, the number of ribosomes associated with mRNA
increased 30 min after the feeding (P, 0.05; Fig. 2B), indicating
a rapid increase in the rate of initiation compared with
elongation during the immediate postprandial stages. However,
by 60 min postfeeding, the polysomal to nonpolysomal distri-
bution of ribosomes did not differ from the 0-min value,

FIGURE 1 Plasma glucose (A), insulin (B), and BCAA (C) concen-

trations in neonatal pigs for the 240-min period after a meal. Data from

all groups were pooled at each time point. ANOVA showed a time

effect of each substrate (P, 0.001). Values are means6 SEM, n = 6–

36. Means without a common letter differ, P , 0.05.
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suggesting that the rate of elongation increased, such that the
ratio of initiation:elongation was similar to that in food-
deprived control animals. Combined, the protein synthesis and
polysome analyses suggest that both elongation and initiation
had returned to baseline 240 min after a meal.

Biomarkers of translation initiation. Food consumption
increases translation initiation by increasing the activation of
the mTORC1 signaling pathway (7,10). PKB mediates the
insulin-associated activation of mTOR (16). Phosphorylation of
PKB on Ser473 (Fig. 3) increased only higher than baseline at 30
and 60 min posteating (P = 0.004). The meal did not affect the
phosphorylation status of the negative mTORC1 regulator,
AMPK (Supplemental Fig. 1A). The phosphorylation of mTOR
on Ser2448 increased in response to the feed (Fig. 4A; P, 0.001),
with maximum levels of stimulation achieved by 30 min
postprandially. Phosphorylation of mTOR was sustained for at
least 120 min after the meal, although the levels of phospho-
rylation were ~70% of maximum at this time point and
activation had returned to baseline by 240 min. However, no
effect was observed for the phosphorylation of raptor (Supple-
mental Fig. 1B). The phosphorylation of S6 mirrored that of
mTOR. Maximal S6 phosphorylation was achieved by 30 min
postfeeding (Fig. 4B; P , 0.001), with stimulation being
sustained until at least 120 min, but at a lower level (P, 0.001).

The phosphorylation of 4E-BP1 (P = 0.001) increased to a
maximum by 30 min postfeeding and remained high until at
least 90 min postfeeding (Fig. 4C). By 120 min, 4E-BP1
phosphorylation tended to be greater than at baseline (P =
0.067), however, and returned to baseline by 240 min. The
phosphorylation of 4E-BP1 reduces its association with eIF4E,

an effect previously observed in response to feeding (7,10). The
association of 4E-BP1×eIF4E was reduced by 30 min postfeeding
and remained suppressed at this level to 120 min postfeeding
(Fig. 5A; P , 0.05). The formation of the active eIF4E×eIF4G
complex increased to a maximum by 30 min after the feeding
(Fig. 5B; P , 0.001). As with the proteins downstream of
mTORC1, meal consumption increased the phosphorylation of
eIF4G, reaching a maximum 30 min after the meal (Fig. 5C; P =
0.004). Phosphorylation of eIF4G decreased over time and
returned to baseline after 240 min. Although the factors
associated with mRNA binding to the ribosome increased in
response to feeding, the phosphorylation status of eIF2a did not
change (Supplemental Fig. 1C), nor eEF2, a factor associated
with elongation (Supplemental Fig. 1D).

Discussion

To allow protein deposition and rapid growth during the
neonatal period, feeding a meal increases skeletal muscle protein
synthesis in neonatal pigs by enhancing translation initiation
(7–9). However, the postprandial time course for the changes in
muscle protein synthesis and the regulatory factors involved
have not been defined. Ascertaining these changes is important
to further our understanding of the detailed regulation of protein
synthesis in response to a meal and also to provide a mechanistic
underpinning for devising strategies to optimize protein utiliza-
tion for growth. Furthermore, the increase in protein synthesis in
skeletal muscle is of high metabolic significance, because skeletal
muscle comprises a large proportion of the body mass in
neonatal pigs. Previous reports on the effect of food consump-
tion on muscle protein synthesis have focused on time points at
least 90 min after a meal (29,30) or in response to a continuous
feeding regimen (31). In this study, a gastric bolus meal of a sow
milk replacer increased skeletal muscle protein synthesis within
30 min of meal commencement and returned to baseline by
240 min. This response was largely paralleled by changes in
mTORC1 signaling, eIF4F complex formation, and circulating
insulin, amino acid, and glucose concentrations.

Feeding raises circulating insulin, amino acid, and glucose
concentrations, metabolites known to independently promote
skeletal muscle protein synthesis (6,32), largely through activa-
tion of mTORC1 and, hence, translation initiation (16,33,34).
In the current study, skeletal muscle protein synthesis was

FIGURE 2 Time course of the changes in the fractional rate of

protein synthesis (A), proportion of ribosomes in polysomes (B) in

skeletal muscle of neonatal pigs after a meal. ANOVA showed an

effect of treatment for the rate of protein synthesis (P , 0.001) and a

trend for the polysome profile (P = 0.063). Values are means 6 SEM,

n = 4–6. Means without a common letter differ, P , 0.05.

FIGURE 3 Time course of the changes in PKB phosphorylation in

skeletal muscle of neonatal pigs after a meal. All results are corrected

for total protein. ANOVA showed an effect of treatment (P = 0.005).

Values are means 6 SEM, n = 6. Means without a common letter

differ, P , 0.05.
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maximal within 30 min and remained elevated for 120 min
postprandially, indicating a rapid and sustained induction of
translation. However, circulating insulin and glucose levels did
not peak until after 45–75 min and declined sharply thereafter.
Maximum circulating amino acids levels were attained 30–60 min
after the meal commenced, with a slow decline thereafter,
suggesting that in the presence of fed levels of amino acids,
protein synthesis is maximally stimulated at insulin levels lower
than the peak values achieved following a meal. These results
support our previous studies using pancreatic-substrate clamps
that showed a dose-response effect of both amino acids and
insulin on muscle protein synthesis that is additive until maximal
rates of protein synthesis are achieved (5,6). Of the amino acids,
leucine has been shown to be of particular importance in
mediating the increase in translation initiation and protein
synthesis. Indeed, infusion of leucine alone acutely increases
protein synthesis in skeletal muscle of neonatal pigs by an
mTORC1-mediated process (22,23,28). In the current study,
circulating leucine levels increased by 30 min after the initiation
of eating and had returned to baseline by 240 min, mirroring the
increase in rates of protein synthesis. We cannot exclude the

possibility, however, that amino acids other than leucine may
also be involved.

The rapid induction of protein synthesis in this study may
reflect the dietary composition of Soweena, which derives its
protein content from whey. Whey is a highly digestible protein
that is quickly absorbed and increases circulating amino acids
rapidly, whereas casein protein is less easily digested and results
in a slower release of amino acids (35). Beaufrere et al. (36) have
shown that the consumption of a liquid protein meal comprised
of whey protein produced a higher, faster, and more transient
appearance of circulating leucine and a more rapid increase in
whole-body protein synthesis than when the meal contained
casein. The high carbohydrate content of Soweena also could
result in a rapid increase in protein synthesis. However, in
previous studies, piglets fed diets containing different levels of
carbohydrate did not differ in muscle protein synthesis rates,
likely because the insulin concentration in the low lactose-
fed pigs was elevated sufficiently to not limit muscle protein

FIGURE 4 Time course of the changes in mTOR (A), S6 (B), and

4EBP1 (C) phosphorylation in skeletal muscle of neonatal pigs after a

meal. All results are corrected for total protein. ANOVA showed an

effect of treatment (P , 0.005) for each factor. Values are means 6
SEM, n = 6. Means without a common letter differ, P , 0.05.

FIGURE 5 Time course of the changes in the 4E-BP1×eIF4E
complex (A) and eIF4E×eIF4G complex (B) and the phosphorylation

of eIF4G (C) in skeletal muscle of neonatal pigs after a meal. All results

are corrected for total protein. ANOVA showed an effect of treatment

(P , 0.001) for each complex and eIF4G phosphorylation (P , 0.005).

Values are means 6 SEM, n = 6. Means without a common letter

differ, P , 0.05.

Time course changes in protein synthesis with feeding 1877



synthesis (29). As newborns consume multiple meals daily, we
designed the current study to reflect a common feeding regimen
in which a meal that contained one-sixth of the daily nutrient
requirement was administered and the response over a 4-h-
period was followed. Ingestion of a meal of this size was able to
maintain elevated rates of muscle protein synthesis between 0.5
and 2 h postprandially. This response pattern indicates that to
maintain rapid and sustained muscle growth, neonates require
frequent meals. This study differs from that of Vary and Lynch
(37) who recently examined the time course of the changes in
biomarkers of translation initiation in cardiac muscle during and
after meal feeding in adult rats, in that the rats were trained to
eat their daily allotment of food during a 3-h period (38).

In this study, changes in the rate of initiation relative to
elongation were assessed by the changes in ribosome distribu-
tion in sucrose density gradients. In this analysis, the increase in
protein synthesis in skeletal muscle was concomitant with an
increase in the number of ribosomes associated with polysomes
(i.e. an increase in the polysome:nonpolysome ratio) at 30 min,
suggesting that the rate of translation initiation is upregulated
compared with elongation early after a meal, thus supporting the
observed increase in mTORC1 signaling at this time point (39).
However, by 60 min, the ratio of initiation relative to elonga-
tion, as assessed by polysome aggregation status, did not differ
from baseline (time 0 group). The reduction in the polysome:
nonpolysome ratio could be a consequence of either decreased
initiation or increased elongation rates. However, because pro-
tein synthesis remained elevated at 60min after the start of feeding,
we assume that the change in the polysome:nonpolysome ratio
reflects a corresponding increase in elongation. This finding
suggests that elongation also increased after meal consumption
but that the increase was delayed relative to the change in ini-
tiation. Interestingly, increased rates of elongation did not fur-
ther increase muscle protein synthesis, supporting the idea that
initiation is the rate-limiting step in translation. Phosphorylation
of eEF2, an elongation factor that has previously been reported
as an mTORC1 substrate (34), was unaltered by feeding. How-
ever, we previously demonstrated that rapamycin treatment
did not alter eEF2 phosphorylation (22). Taken together, how-
ever, this data suggests that following the consumption of a
meal, increased rates of initiation, and not elongation, are re-
sponsible for the increase in muscle protein synthesis in the
neonate.

The postprandial increase in muscle protein synthesis is
mediated by enhanced mTORC1 activation (8,16,33,34), which
in turn promotes mRNA translation (7,10). Whereas the
feeding-associated increase in insulin promotes mTORC1 acti-
vation via PKB, the amino acid involvement is less well defined
but is PKB independent, providing 2 separate signaling path-
ways for mTORC1 activation in response to a meal
(8,16,33,34,40,41). Activation of PKB was rapid and peaked
at submaximal insulin concentrations, returning to baseline by
90 min (mirroring changes in circulating insulin concentrations),
prior to the reduction in mTORC1 activation, and indicative of
feedback inhibition on the insulin pathway (42). The discrep-
ancy between PKB and mTOR activation reflects the ability of
both amino acids (which attained maximal circulating levels for
a more rapid and prolonged period than insulin) and insulin
(16,33), but not glucose (32), to stimulate mTORC1, but not
PKB (41). However, amino acids may be capable of eliciting a
more rapid and prolonged activation of mTORC1 than insulin,
or, alternatively, PKB may stimulate maximal mTORC1 activity
before its full phosphorylation potential is achieved. Further
investigation of the time course of the independent effects of

insulin and amino acids on the factors involved in translation
initiation clearly is warranted. The energy sensor, AMPK,
negatively regulates mTORC1 activity by promoting TSC2-
induced inhibition of mTORC1 (43). Although we previously
found no change in AMPK phosphorylation in muscle of
neonatal pigs 90 min after a meal (44), whether a change in
AMPK phosphorylation occurred at an earlier time point had
not been investigated previously. We found that AMPK phos-
phorylation was unaltered over the 4-h postprandial time
course, suggesting that AMPK is not involved in the regulation
of mTOR under physiological feeding conditions.

The phosphorylation of mTOR peaked within 30 min of
starting the feeding and paralleled the stimulation of skeletal
muscle protein synthesis. However, food consumption did not
affect the mTORC1-associated protein, raptor. Knockdown of
raptor has previously been shown to prevent the leucine-induced
phosphorylation of S6K1 (16) and suggests that raptor is
essential for mTOR signaling. However, cell culture studies
have shown that raptor is phosphorylated on both Ser772 and
Ser792 by AMPK (45) and because AMPK activation was not
altered in the current study, no change in the phosphorylation of
raptor on Ser792 would be anticipated. We observed phospho-
rylation of the downstream targets of mTORC1, 4E-BP1 and S6,
following the postprandial activation of mTOR. In rats trained
to eat their daily requirement in a 180-min meal, mTOR, S6K1,
and 4E-BP1 phosphorylation remained elevated from 30 to 180
min of the feeding period (46). Additionally, when C2C12
muscle myoblast in culture were treated with AICAR to inhibit
mTOR activation, S6K1 and 4E-BP1 phosphorylation was
reduced and eIF4E association altered within 15 min (47),
suggesting that reassignment of the complex association is rapid.
Treatment of H4IIE hepatoma cells in culture with growth
hormone, a known protein synthesis promoter, stimulates S6
phosphorylation within 30 to 45 min and 4E-BP1 phosphoryl-
ation within 10–20 min posttreatment (48). In the current in
vivo study, formation of the eIF4E×4E-BP1 and eIF4E×eIF4G
complexes showed a gradual return to baseline by 4 h, which
was slower than the decline in protein synthesis, suggesting that
assembly of eIF4E×eIF4G is not the rate-limiting step in the
feeding-induced stimulation of skeletal muscle protein synthesis.
The eIF4E×eIF4G complex is also regulated by eIF4G phospho-
rylation (12), and in the current study, eIF4G phosphorylation
status was similar to that of other translation initiation factors.
Taken together, these studies suggest that modulation of
activation of mTORC1 and its downstream targets to regulate
the binding of the mRNA with the 43S preinitiation complex
occurs within minutes in response to numerous stimuli both in
vivo and in vitro and lead to enhanced rates of protein synthesis.
We previously showed that the activity of a regulator of the
binding of met-tRNAi to the 40S ribosomal subunit, eIF2B, is
unchanged in neonatal muscle 90 min after a meal (7). In the
current study, phosphorylation of eIF2a was unaltered over the
postprandial time course, suggesting that this step in mRNA
translation is not limiting for the stimulation of protein synthesis
in neonatal muscle after a meal.

In summary, consumption of a milk replacer high in whey
protein at one-sixth of the daily requirement increased muscle
protein synthesis in neonatal pigs to a maximum rate within 30
min of the feeding. This increase in muscle protein synthesis was
modulated by an increase in translation initiation, with mirrored
activation of the mTORC1 signaling pathway. The rise and
maintenance of muscle protein synthesis rates followed the
rapid and sustained increase in circulating insulin and amino
acids levels, which peaked by 30 min after the feeding as a
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consequence of the rapid digestion of whey protein (36). The
feeding-induced stimulation of protein synthesis returned to
baseline by 4 h after the meal and preceded a reduction in
eIF4E×eIF4G association, suggesting that other factors, such as
amino acid availability, may have limited protein synthesis. The
results further suggest that rates of protein synthesis in skeletal
muscle are increased for only a limited period of time following a
feeding. Therefore, frequent meals are essential for sustaining
optimal protein synthesis rates and, hence, muscle growth in the
neonate.
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