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Abstract

Orogastric tube feeding, using either continuous or intermittent bolus delivery, is common in infants for whomnormal feeding

is contraindicated. To compare the impact of different feeding strategies onmuscle protein synthesis, after withholding food

overnight, neonatal pigs received a complete formula orally as a bolus feed every 4 h or were continuously fed. Protein

synthesis rate and translational mechanisms in skeletal musclewere examined after 0, 24, and 25.5 h. Plasma amino acid and

insulin concentrations increased minimally and remained constant in continuously fed compared to feed-deprived pigs;

however, the pulsatile meal feeding pattern was mimicked in bolus-fed pigs. Muscle protein synthesis was stimulated by

feeding and the greatest response occurred after a bolus meal. Bolus but not continuous feeds increased polysome

aggregation, the phosphorylation of protein kinase B, tuberous sclerosis complex 2, proline-rich Akt substrate of 40 kDa,

eukaryotic initiation factor (eIF) 4E binding protein (4EBP1), and rp S6 kinase and enhanced dissociation of the 4EBP1 × eIF4E

complex and formation of the eIF4E × eIF4G complex compared to feed deprivation (P, 0.05). Activation of insulin receptor

substrate-1, regulatory associated protein of mammalian target of rapamycin, AMP-activated protein kinase, eukaryotic

elongation factor 2, and eIF2a phosphorylation were unaffected by either feeding modality. These results suggest that in

neonates, intermittent bolus feeding enhances muscle protein synthesis to a greater extent than continuous feeding by

eliciting a pulsatile pattern of amino acid- and insulin-induced translation initiation. J. Nutr. 141: 2152–2158, 2011.

Introduction

Neonates grow at rapid rates and utilize nutrients from the diet
with high efficiency (1,2). Nevertheless, over 7% of all newborn
babies born in the United States are of low birth weight (3).
Because newborn pigs are metabolically similar to human
infants, we have used neonatal pigs as a model to study the role
of nutrition in the regulation of protein synthesis in neonates.

These studies have shown that feeding stimulates protein synthesis
in all tissues of neonates and the greatest increase occurs in
skeletal muscle (4–6). The stimulation of muscle protein synthesis
by a meal is rapid and is sustained for at least 2 h but then declines
toward baseline, in parallel with the postprandial change in
circulating insulin and amino acids (7). Indeed, our studies using
the pancreatic-substrate clamp have demonstrated that the
feeding-induced changes in muscle protein synthesis are mediated
independently by the postprandial rise in insulin and amino acids
(8,9).

Feeding increases protein synthesis by stimulating translation
initiation, through phosphorylation and activation of
mTORC17, and is mediated by activation of insulin and amino
acid signaling pathways (10–12). The stimulation of the insulin
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signaling cascade after feeding includes the activation of the
insulin receptor, which elicits the activation of a series of
signaling intermediates, including IRS-1/2, phosphatidylinositol
3-kinase, phosphoinositide-dependent kinase 1, and PKB. The
activation of mTORC1 is induced by activation of PKB (13,14).
Studies have shown that PKB phosphorylates and inactivates an
inhibitor of cell growth, TSC2, thereby allowing activation of
mTORC1 (15). During conditions of energy depletion, when
AMP levels within the cell rise, AMPK is activated (16), leading
to phosphorylation of TSC2 and inactivation of mTORC1.
Phosphorylation of the mTORC1 inhibitor, PRAS40, by PKB
enhances mTORC1 activation.

Activation ofmTORC1 by insulin or amino acids results in the
phosphorylation of 4EBP1 and S6K1 (17,18). Phosphorylation of
4EBP1 by mTORC1 permits the dissociation of eIF4E from
4EBP1, allowing eIF4E to bind to eIF4G. This active complex
mediates the binding of mRNA to the 40S ribosomal complex
and the activation of translation initiation (12,19,20). Translation
initiation also requires an initiator, met-tRNAi, binding to the
start codon, a step mediated by eIF2 (21). Phosphorylation of the
a-subunit of eIF2 reduces initiator met-tRNAi binding to the ri-
bosome. Translation is also dependent upon rates of elongation. It
has been suggested that the eEF2 kinase is a substrate of S6K1
(22); however, rapamycin treatment to inhibit mTORC1 does not
alter the phosphorylation of this factor (23).

The majority of the studies that have investigated the effect of
feeding on skeletal muscle protein synthesis have done so at one
time point after a bolus meal. To our knowledge, there have been
no studies that compare the effects of different feeding strategies
on muscle protein synthesis. Feeding by orogastric tube, using
either continuous or intermittent bolus delivery, is common for
infants unable to maintain oral feeding (24), but whether
continuous or intermittent bolus feeding is more advantageous is
controversial. There is evidence suggesting that bolus compared
to continuous feeding promotes a more physiological surge of
the intestinal hormones, improves weight gain, and stimulates
small intestinal growth (25–27), but the effect of these feeding
modalities on skeletal muscle anabolism in neonates is un-
known. The purpose of the present study was to compare the
impact of 24 h of intermittent bolus with continuous feeding on
protein synthesis in skeletal muscle of neonatal pigs. We also
aimed to identify the intracellular mechanisms that mediate the
response to these modes of nutritional support. We hypothesized
that intermittent bolus feeding increases muscle protein synthe-
sis to a greater extent than continuous feeding by inducing a
rapid and marked rise in amino acids and insulin that activates
translation initiation.

Materials and Methods

Animals and design. Three multiparous crossbred (Yorkshire 3
Landrace 3 Hampshire 3 Duroc) pregnant sows (Agricultural Head-

quarters of the Texas Department of Criminal Justice) 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 (28). After birth, piglets resided with the sow and were not

given supplemental creep feed. Piglets were studied at 5–7 d of age when
they weighed 2.06 0.4 kg. The study was approved by the Animal Care

and Use Committee of Baylor College of Medicine and was conducted in

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

Three days prior to infusion, piglets underwent surgery to place

catheters in the external jugular vein and common carotid artery.

Surgical procedures were performed using sterile techniques under

general anesthesia as previously described (4). Piglets were returned to

their respective sows in ~1 h after they had recovered from anesthesia

and achieved full mobility.

Treatments and infusion. Overnight feed-deprived piglets were

randomly assigned to 1 of 5 treatment groups (n = 5–7): 1) overnight
feed deprived; 2) intermittently bolus fed for 24 h; 3) intermittently bolus

fed for 25.5 h; 4) continuously fed for 24 h; and 5) continuously fed for
25.5 h. Briefly, piglets assigned to an intermittently bolus-fed group were

fed by orogastric tube at 0 h and every 4 h (40 mL × kg body weight21)

with a complete enteral milk replacement (Table 1) administered over a

15-min period; they were killed either 24 h (4 h after the last meal and
just before a new meal) or 25.5 h (90 min after the last meal) later. These

time points were chosen based on the findings of our previous meal

feeding study (7), which showed that the consumption of a meal that
contains one-sixth of the daily requirements, similar to that in the

current study, increased protein synthesis by 0.5 h and the increase in

protein synthesis was sustained for at least 2 h but fell to baseline by 4 h

after the meal. The continuously fed piglets were infused through an
orogastric tube the same complete enteral milk replacement at a constant

rate of 10 mL × kg body weight21 × h21 until the piglets were killed 24 or

25.5 h later. The overnight feed-deprived piglets were killed at 0 h. Thus,

piglets were killed and data collected at time 0 for baseline, feed-
deprived controls, and at 24 and 25.5 h in both the continuously fed and

intermittently bolus-fed groups.

Hormone and substrate measurements. Blood samples were col-

lected every 30 min and immediately analyzed for plasma BCAA and

serum glucose concentrations as previously described (9). Plasma

samples were collected at 30-min or 1-h intervals, frozen, and later
analyzed for radioimmunoreactive insulin concentrations using a

porcine insulin RIA kit (Millipore) (5).

Tissue protein synthesis in vivo The Ks was measured with a flooding
dose of L-[4-3H] phenylalanine (4). Piglets received L-[4-3H] phenylal-

anine (1.5 mmol × kg body weight21, 0.5 mCi × kg body weight21,

Amersham Bioscience) injected 30 min before they were killed. Muscle

samples were obtained from the longissimus dorsi, immediately frozen in
liquid nitrogen, and stored at 2708C until analyzed as previously

described (4).

Polysome profiles. Analysis of ribosome distribution between poly-

somal and nonpolysomal fractions was determined by sucrose density

gradient centrifugation as previously described (29).

Protein immunoblot analysis. Proteins from the tissue homogenates

were separated by SDS-PAGE. For each assay, all samples were run at the

TABLE 1 Ingredients and nutrient composition of the
experimental diet

Ingredient g/kg as fed

Whey protein concentrate (80% CP)1 50.0

Lactose 10.2

FatPak 802 65.0

Water 862.0

Xanthan gum 2.0

Vitamin premix3 2.0

Mineral premix3 9.0

1 Hilmar Ingredients; CP, crude protein.
2 Milk Specialties Global Animal Nutrition.
3 Dyets. Vitamin premix provided (g/kg): thiamine HCl, 0.1; riboflavin, 0.375; pyridoxine

HCl, 0.1; niacin, 1; calcium pantothenate, 1.2; folic acid, 0.13; biotin, 0.02; cobalamin

B-12, 1.5; retinyl palmitate, 0.8; cholecalciferol, 0.05; tocopheryl acetate, 8.8;

menadione sodium bisulfite, 0.08. Trace mineral premix provided (g/kg): calcium

phosphate, dibasic, 187; calcium carbonate, 279; sodium chloride, 85; potassium

phosphate monobasic, 155; magnesium sulfate, anhydrous, 44; manganous carbon-

ate, 0.93; ferric citrate, 10; zinc carbonate, 1.84; cupric carbonate, 0.193; potassium

iodate, 0.005; sodium selenite, 0.007.
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same time on triple-wide gels (C.B.S. Scientific) to eliminate inter-assay

variation. Proteins were electrophoretically transferred to polyvinylidene

difluoride membranes (Pall), which subsequently were incubated with
appropriate primary antibodies, washed, and exposed to an appropriate

secondary antibody as previously described (30).

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 enhanced chemiluminescence (GE Health Sciences),

visualized, and analyzed using a ChemiDoc-It Imaging System (UVP).

Primary antibodies that were used for immunoblotting were IRS-1 (total,
Santa Cruz Biotechnology, and Ser1101, Cell signaling), PKB (total and

Ser473, Cell Signaling), AMPK (total and Thr172, Cell Signaling), TSC2

(total and Thr1462, Cell Signaling), Raptor (total and Ser792, Cell
Signaling), PRAS40 (total and Thr246, Cell Signaling), 4EBP1 (total,

Bethyl Laboratories, and Thr70, Cell Signaling), S6K1 (total and Thr389,

Cell Signaling), eIF4G (total and Ser1180, Cell Signaling), eIF2a (total and

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

Quantification of 4EBP1�eIF4E and eIF4G�eIF4E complexes. The

association of eIF4E with 4E-BP1 or eIF4G was determined from

aliquots of fresh tissue homogenates following immunoprecipitation
with an anti-eIF4E monoclonal antibody (gift of Dr. Leonard Jefferson,

Penn State University College of Medicine) followed by immunoblotting

analysis using anti-4EBP1 (Bethyl Laboratories) and anti-eIF4G (Novus
Biologicals) antibodies, as previously described (31). The amounts of

4EBP1 and eIF4G were corrected by the eIF4E recovered from the

immunoprecipitate.

Calculations and statistics. The Ks (percentage of protein mass

synthesized in a day) was calculated as Ks (%/d) = [(Sb/Sa)3 (1440/t)]3
100, where Sb (in dpm × nmol21) is the specific radioactivity of the

protein-bound phenylalanine, Sa (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 (4).
Statistical analysis was carried out in SPSS (version 17.0) using

ANOVA to determine main statistical differences between groups.

Within-group analysis was performed using a post hoc LSD t test.
Analysis of glucose and insulin across time was carried out with SPSS

general linear model using a repeated measures test for within-subject

effects. P, 0.05 was considered significant for all comparisons and data

are presented as means 6 SEM.

Results

Plasma glucose, insulin, and BCAA concentrations. In the
bolus-fed group, blood glucose was .80% greater than in the
feed-deprived group (P , 0.05) 30 min after the feed, remained
elevated for at least 2 h after each feeding, and decreased to baseline
values before the next feed. In the continuously fed group, blood
glucose levels increased by 30% compared to levels in the feed-
deprived group (P . 0.05) and remained relatively constant
throughout the feeding period (Fig. 1A). Plasma insulin levels also
increased by 30 min after a bolus meal and remained elevated
during the 2–3 h after the feeding (P, 0.05), returning to baseline
before the next meal (Fig. 1B). In the continuously fed group,
plasma insulin concentrations increased to ~100 pmol × L21 (P .
0.05) and remained around this level throughout the infusion.

Plasma BCAA in the bolus-fed group increased 30 min after a
meal compared to feed-deprived piglets (P , 0.05), remained
elevated for at least 2 h, and decreased, although not to baseline,
before the next meal (Fig. 1C). In the continuously fed group,
BCAA increased to only ~800 mmol × L21 (P , 0.05) and
remained near these levels throughout the feeding period.

Protein synthesis and polysome profiles. The Ks in the
longissimus dorsi muscle of the continuously fed pigs were
similar after 24 and 25.5 h (Fig. 2A) and were ~70% greater
after 24 h (P , 0.0001) and 56% greater after 25.5 h (P ,
0.0001) of continuous feeding compared to the overnight feed-
deprived group. Ks were 64% greater in the 24 h bolus-fed
group just before the meal (P , 0.0001) compared to feed-
deprived values and similar to that in the continuously fed
group. However, muscle protein synthesis was enhanced by
121% (P , 0.0001) after 25.5 h of bolus feeding (90 min after
the last meal) compared to the feed-deprived group. The rate of
muscle protein synthesis after 25.5 h of bolus feeding also was
greater than that noted after 24 h of intermittent bolus feeding
(P , 0.05) and 24 and 25.5 h of continuous feeding (P , 0.05).

Determination of the ribosomal fraction in the polysomes
compared to nonpolysomes showed that the number of ribo-
somes associated with mRNAwas greater in the 25.5 h bolus-fed
group (90 min after the last feed) compared to the feed-deprived
group (P , 0.05). The polysomal to nonpolysomal distribution
did not differ in the bolus 24 h and continuously fed groups
compared to the feed-deprived group (Fig. 2B).

Upstream mTOR signaling component activation. To
examine the mechanism by which different feeding modalities
increased protein synthesis in the longissimus dorsi muscle,
markers of translation initiation signaling upstream of mTOR
were measured. PKB mediates the insulin-associated activation

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

trations in intermittently bolus-fed, continuously fed, and feed-

deprived neonatal pigs. Values are means 6 SEM, n = 5–7.

Repeated-measures analysis showed an effect of time, treatment,

and their interaction on plasma glucose, insulin, and BCAA concen-

trations, P , 0.05.
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of mTOR. Phosphorylation of PKB on Ser473 in the 25.5-h
bolus group, 90 min after the last meal, was greater than in the
feed-deprived (P , 0.05) and continuous groups (P , 0.05)
(Fig. 3A). Differences in the phosphorylation of PKB between
the 24- and 25.5-h continuous groups, the 24 h bolus-fed
group, and the feed-deprived group were not detected. We
found no effect of either continuous or intermittent bolus
feeding on the phosphorylation of IRS-1 on Ser1101, AMPK on
Thr172 (Table 2), or Raptor on Ser792 (Fig. 3D) compared to the
feed-deprived group.

Phosphorylation of TSC2 on Thr1462 (Fig. 3B) and PRAS40
on Thr246 (Fig. 3C) did not differ between the continuously fed
and feed-deprived groups. In the bolus-fed group, just before a
meal at 24 h, TSC2 Thr1462 (Fig. 3B) and PRAS40 phosphoryl-
ation (Fig. 3C) did not differ from the continuously fed and feed-
deprived groups. However, in the bolus-fed group at 25.5 h, i.e.,
90 min after the last meal, TSC2 and PRAS phosphorylation
were higher (P , 0.0001) compared to continuously fed and
feed-deprived groups.

Downstream mTOR signaling component activation. S6K1
(Fig. 4A) and 4EBP1 (Fig. 4B) phosphorylation did not differ
between the continuously fed and feed-deprived groups. S6K1
(Fig. 4A) and 4EBP1 (Fig. 4B) phosphorylation also did not
differ between the 24 h bolus-fed group (i.e., just before the last
bolus meal) and the continuously fed and feed-deprived groups.
However, 90 min after the last bolus meal (i.e., 25.5 h), their
phosphorylation markedly increased (P, 0.05). The association
of 4EBP1 × eIF4E (Fig. 4C) was lower in all feeding groups
compared to the feed-deprived group (P, 0.05). The formation
of the active eIF4E × eIF4G complex (Fig. 4D) in muscle was not
significantly increased by continuous feeding compared to feed
deprivation. However, in the bolus-fed group, the formation of
the complex just before the meal at 24 h was similar to the
continuously fed group but was markedly increased 90 min after
the last meal (25.5 h) compared to other groups (P , 0.007).

Initiation and elongation signaling component activation.

Phosphorylation of eIF2a, which regulates initiator met-tRNAi

binding to the ribosome, and eEF2 phosphorylation, which
regulates elongation, did not differ among groups (Table 2).

Discussion

This is the first study to our knowledge to directly compare the
effects of continuous and intermittent bolus formula feeding,
delivered by orogastric tube, on the regulation of muscle protein
synthesis. In so doing, we eliminated the possibility of differ-
ences in the type of food (elemental vs. formula), mode of
nutritional support (parenteral vs. enteral), and other variables
as confounding factors (32). We showed that although both
continuous and intermittent bolus feeding stimulated muscle
protein synthesis, the greatest increase in muscle protein
synthesis occurred in the intermittently bolus-fed pigs after a
meal. This greater increase in muscle protein synthesis in the
intermittently bolus-fed pigs was associated with more rapid and

FIGURE 2 Ks (A) and the proportion of ribosomes in polysomes (B)

in the longissimus dorsi muscle of intermittently bolus-fed, continu-

ously fed, and feed-deprived neonatal pigs. Values are means 6 SEM,

n = 5–7. ANOVA showed an effect of treatment on Ks and the

proportion of ribosomes in polysomes, P , 0.05. Means without a

common letter differ, P, 0.05. Ks, fractional rate of protein synthesis.

FIGURE 3 PKB phosphorylation on Ser473 (A), TSC2 phosphoryla-

tion on Thr1462 (B), PRAS40 phosphorylation on Thr246 (C), and Raptor

phosphorylation on Ser792 (D) in the longissimus dorsi muscle of

intermittently bolus-fed, continuously fed, and feed-deprived neonatal

pigs. All results are corrected for total protein. Values are means 6
SEM, n = 5–7. ANOVA showed an effect of treatment on PKB, TSC2,

and PRAS40 phosphorylation, P , 0.05. Means without a common

letter differ, P , 0.05. PKB, protein kinase B; PRAS40, proline-rich Akt

substrate of 40 kDa; TSC, tuberous sclerosis complex.
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profound changes in circulating amino acids and insulin that
activate the translation initiation factors that regulate mRNA
binding to the ribosomal complex.

Previously, we demonstrated that the consumption of a meal
that contains one-sixth of the daily requirements, similar to that in
the current study, increased protein synthesis after 0.5 h and the
increase in protein synthesis was sustained for at least 2 h but fell
to baseline by 4 h after the meal. These changes in protein
synthesis paralleled the changes in circulating insulin and amino
acids (7). In the current study, we found that circulating insulin
and amino acid levels were minimally but constantly increased in
the continuously fed group but rose rapidly and robustly in the
intermittently bolus-fed group after each meal, falling to near
baseline values just before the next feeding. Continuous feeding
for 1 d increased muscle protein synthesis rates compared to feed
deprivation, consistent with the demonstrated ability of contin-
uous feeding, delivered enterally or parenterally, to promote
growth (33,34). However, the increase in protein synthesis was
greatest after the bolus meal (25.5-h bolus group) compared to
the feed-deprived group. Importantly, protein synthesis just
before the meal (24-h bolus group) did not fall to levels observed
for the baseline feed-deprived group and was similar to that in
continuously fed pigs, likely because circulating amino acids did
not fall completely to baseline just before the meal. Based on these
results, we can infer that when amino acids and insulin are
minimally increased and remain constant, as seen in the contin-
uous group, protein synthesis is onlymodestly stimulated. Thus, it
appears that the cyclic surge of amino acids and insulin is needed
to maximally stimulate protein synthesis in skeletal muscle.

To further evaluate the effect of intermittent bolus and
continuous feeding on protein synthesis, we evaluated the
aggregation of ribosomes on mRNA by sucrose gradient density
centrifugation. In our previous investigations (7), we found that
the proportion of ribosomes in polysomes was elevated 30–120
min after a bolus meal. In the present study, we showed that,
compared to feed-deprived pigs, the relative proportion of
mRNA present in polysomes increased after the bolus meal
(25.5-h bolus group). Because protein synthesis rates were also
enhanced after the bolus meal, this suggests that the rate of
translation initiation was upregulated compared to elongation in
response to bolus feeding. From these findings, it is apparent that
increased efficiency of translation initiation plays a role in the
stimulation of muscle protein synthesis after an intermittent
bolus meal. In the continuously fed and bolus-fed 24-h groups,
polysome aggregation was similar to the feed-deprived group,
although protein synthesis rates were elevated compared to feed
deprivation. One possible explanation for these findings may be
that the rate of elongation increased in proportion to initiation
in the continuously fed and 24 h bolus-fed groups.

To better understand the mechanisms involved in the reg-
ulation of protein synthesis in skeletal muscle of neonatal pigs
fed continuously or intermittently, we examined the activation
of signaling proteins upstream and downstream of mTORC1.

FIGURE 4 S6K1 phosphorylation on Thr389 (A), 4EBP1 phosphoryl-

ation on Thr70 (B), inactive 4EBP1×eIF4E complex abundance (C), and

active eIF4E×eIF4G complex abundance (D) in the longissimus dorsi

muscle of intermittently bolus-fed, continuously fed, and feed-

deprived neonatal pigs. All results are corrected for total protein.

Values are means 6 SEM, n = 5–7. ANOVA showed an effect of

treatment on S6K1 and 4EBP1 phosphorylation and 4EBP1×eIF4E and

eIF4E×eIF4G abundance, P , 0.05. Means without a common letter

differ, P , 0.05. eIF, eukaryotic initiation factor; S6K1, ribosomal

protein S6 kinase 1.

TABLE 2 Phosphorylation of IRS-1, AMPK, eIF2a, and eEF2 in skeletal muscle of intermittently
bolus-fed, continuously fed, and feed-deprived neonatal pigs1

Feed-deprived Continuous Bolus

0 h 24 h 25.5 h 24 h 25.5 h

Arbitrary units

IRS-1, Ser1101 1.24 6 0.14 0.99 6 0.19 1.24 6 0.25 1.25 6 0.26 1.17 6 0.20

AMPK, Thr172 0.81 6 0.11 0.63 6 0.12 0.64 6 0.12 0.84 6 0.15 0.76 6 0.09

eIF2-a, Ser51 0.57 6 0.12 0.52 6 0.10 0.64 6 0.13 0.55 6 0.09 0.55 6 0.06

eEF2, Thr56 0.85 6 0.15 0.68 6 0.12 0.71 6 0.10 0.78 6 0.09 0.86 6 0.07

1 Values are means 6 SEM, n = 5–7. AMPK, AMP-activated protein kinase; eEF2, eukaryotic elongation factor 2; eIF, eukaryotic initiation factor;

IRS-1, insulin receptor substrate-1.
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Previously, we showed that the feeding-induced increase in
muscle protein synthesis is in part due to activation of the insulin
signaling cascade and that the activation of mTOR is induced by
activation of PKB (11,13). In our present study, we showed that
PKB phosphorylation on Ser473 increased only after a bolus meal
and did not differ between feed-deprived and continuously fed
groups. These findings may reflect a blunted activation of PKB
due to the minimal increase in insulin levels during continuous
feeding.

The pathway by which amino acids stimulate translation
initiation is less well defined than that for insulin, and there is
cross-talk between both pathways (35). Insulin-activated PKB
phosphorylates TSC2 on Thr1462, resulting in inactivation of the
inhibitory TCS1/TCS2 complex, followed by mTORC1 activa-
tion (36). We previously demonstrated that the insulin-induced
increase in muscle protein synthesis involves reduced activation
of TSC1/2 and enhanced activation of mTORC1 (37). In the
current study, we showed that TSC2 phosphorylation on Thr1462

was not increased by continuous feeding but was markedly
increased after an intermittent bolus meal, likely mediated by
insulin-activated PKB.

PRAS40 is a negative regulator of mTORC1 when it binds to
the mTOR complex. During nutrient deprivation, PRAS40
interacts with mTORC1 and, in response to insulin, PRAS40
dissociates from mTORC1 (38–40). Furthermore, mTOR and
PKB can phosphorylate PRAS40 at Ser221 and Thr246, respectively,
thereby inducing the dissociation of PRAS40 from mTORC1 (40).
In this study, PRAS40 phosphorylation at Thr246 (a PKB phospho-
rylation site) increased after the meal in the bolus-fed group,
consistent with our previous short-term studies (41), but there
were no differences in the continuous, 24 h bolus-fed, and feed-
deprived groups.

It has been reported that Raptor, a component of the
mTORC1 complex, can be phosphorylated by AMPK at Ser792,
resulting in inhibition of mTORC1 (42). Our results show no
effect of either feeding modality on AMPK or Raptor phospho-
rylation, consistent with our previous studies (41), and support
the hypothesis that AMPK is not involved in the regulation of
mTOR under physiological feeding conditions (23,43).

In our present study, the phosphorylation of S6K1 and 4EBP1
and the formation of the active eIF4E×eIF4G complex in muscle
rose markedly after an intermittent bolus meal but did not
increase in the continuously fed groups or just before the bolus
meal compared to food deprivation. These results support our
hypothesis that prolonged intermittent bolus feeding stimulates
mTORC1-dependent translation initiation, likely due to the
rapid pulse in insulin and amino acids levels after a meal.
However, it appears that the modest elevation in circulating
insulin and amino acids that occurs with prolonged continuous
feeding is not sufficient to stimulate and/or sustain activation of
signaling proteins downstream of mTORC1 in skeletal muscle
of neonates.

Because prolonged continuous exposure to insulin and amino
acids greater than feed-deprived levels can promote hyper-
phosphorylation of S6K1, leading to enhanced phosphorylation
of IRS-1 on Ser/Thr residues and downregulation of IRS/
phosphatidylinositol 3-kinase signaling cascade (35), we wished
to determine whether similar effects may occur with continuous
feeding in neonatal pigs. In our study, we found no effect of
either feeding modality on IRS-1 Ser1101 phosphorylation,
suggesting that continuous feeding, for a 24-h period, does not
downregulate insulin signaling.

The finding that protein synthesis was elevated in pigs
continuously fed compared to feed-deprived pigs appears to be

inconsistent with the observation that biomarkers of mRNA
translation (e.g., eIF4G association with eIF4E, and 4EBP1 and
S6K1 phosphorylation) were at basal (i.e., feed-deprived) values.
Although the mechanism involved is unknown, we speculate
that reinitiation (i.e., the release of the ribosome from the
mRNA at the stop codon and subsequent rebinding to the same
mRNA at or near the start codon) may be upregulated. Although
incompletely characterized, reinitiation may not be mediated by
the eIF4E × eIF4G complex but instead may be facilitated by
proteins such as poly (A) binding protein (PABP) and PABP-
interacting protein-1 (PAIP-1), which are thought to stimulate
translation by promoting mRNA circularization (44,45).

We previously showed that feeding does not alter the
phosphorylation of eIF2a that regulates tRNA-ribosome bind-
ing and eEF2 phosphorylation that regulates elongation (7).
Consistent with our previous studies, in the present work, the
activation of these factors was not altered by continuous or
intermittent bolus feeding, suggesting that the feeding-induced
increase in muscle protein synthesis in neonates primarily
involves mTOR-dependent translation initiation.

The results of the present study suggest that the intermittent
bolus pattern of feeding increases protein synthesis in skeletal
muscle to a greater extent than continuous feeding. This greater
increase in muscle protein synthesis in intermittently bolus-fed
piglets is associated with more rapid and profound increases in
circulating amino acids and insulin, which activate the intracel-
lular signaling proteins that regulate mTOR-dependent transla-
tion initiation. Further studies are needed to evaluate the more
prolonged effects of different feeding strategies on skeletal
muscle protein accretion in the neonate. Nonetheless, the results
suggest that the intermittent bolus pattern of feeding has the
potential to enhance lean body mass and improve clinically
important outcomes, such as weight gain, compared to contin-
uous feeding, in neonates.
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