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ABSTRACT
Background: Orogastric tube feeding is indicated in neonates
with an impaired ability to ingest food normally and can be
administered with an intermittent bolus or continuous feeding
schedule.
Objectives: The objectives were to 1) compare the long-term effect
of continuous with intermittent feeding on growth using the newborn
pig as a model, 2) determine whether feeding frequency alters lean
tissue and fat mass gain, and 3) identify the signaling mechanisms by
which protein deposition is controlled in skeletal muscle in response
to feeding frequency.
Design: Neonatal pigs were fed the same amount of a balanced
formula by orogastric tube either as an intermittent bolus meal every
4 h (INT) or as a continuous infusion (CON). Body composition
was assessed at the start and end of the study by dual-energy X-ray
absorptiometry, and hormone and substrate profiles, muscle mass,
protein synthesis, and indexes of nutrient and insulin signaling were
measured after 21 d.
Results: Body weight, lean mass, spine length, and skeletal muscle
mass were greater in the INT group than in the CON group.
Skeletal muscle fractional protein synthesis rates were greater in
the INT group after a meal than in the CON group and were
associated with higher circulating branched-chain amino acid and
insulin concentrations. Skeletal muscle protein kinase B (PKB)
and ribosomal protein S6 kinase phosphorylation and eukaryotic
initiation factor (eIF) 4E–eIF4G complex formation were higher,
whereas eIF2α phosphorylation was lower in the INT group than in
the CON group, indicating enhanced activation of insulin and amino
acid signaling to translation initiation.
Conclusions: These results suggest that when neonates are fed
the same amounts of nutrients as intermittent meals rather than
continuously there is greater lean growth. This response can be
ascribed, in part, to the pulsatile pattern of amino acids, insulin, or
both induced by INT, which enables the responsiveness of anabolic
pathways to feeding to be sustained chronically in skeletal muscle.
Am J Clin Nutr 2018;108:830–841.
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INTRODUCTION

It is widely recognized that appropriate nutrition is a major
factor that influences the survival and subsequent growth and
development of infants (1). When neonates lack the ability
to coordinate normal food ingestion, orogastric tube feeding
is prescribed and can be accomplished by using either an
intermittent or continuous schedule (1, 2). However, a Cochrane
analysis concluded that the clinical benefits of feeding frequency
cannot be reliably recognized from published studies so far due to
methodologic limitations and difficulties in controlling variables
that can affect the outcome of these studies (3). Despite the
incomplete evidence, intermittent feeding is considered by some
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to be superior to continuous feeding (4) on the basis of the
occurrence of more natural feed-fast hormonal profiles (5, 6). In
addition, intermittent feeding has beneficial effects for intestinal
growth and development in newborn piglets by promoting greater
mucosal and intestinal protein accretion than continuous feeding
(7). Nonetheless, continuous feeding is indicated when neonates
are unable to tolerate intermittent feeding (8).

Studies in humans (9) and animal models (10–14) have shown
that neonates can efficiently deposit ingested amino acids into
body proteins, and that this efficiency (which decreases with
age) contributes significantly to their high rates of growth and
protein turnover (9, 15–17). In skeletal muscle, the high anabolic
capacity of the neonate is enabled by a high ribosomal abundance
and the ability to accelerate protein synthesis after a meal.
This response to feeding in muscle is regulated independently
by the postprandial increase in insulin and amino acids (18).
However, whether over the long-term differences in the patterns
of circulating concentrations of both insulin and nutrients can
affect overall growth is unknown.

Ethical considerations preclude the conduct of controlled
studies required to ascertain the efficacy of potentially beneficial
interventions in infants. To study the effect of feedingmodality on
muscle growth in early postnatal life, we used the neonatal piglet,
which is considered to be an excellent surrogate for the human
neonate (19). We have shown that short-term (24-h) intermittent
feeding enhances protein synthesis more than continuous feeding
but has no effect on protein degradation in muscles (20, 21) and
results in a higher rate of protein deposition (21). Nonetheless, we
do not know if this enhanced stimulation of anabolic pathways
persists over the long term and promotes greater lean tissue mass
gain than continuous feedings. On the basis of our previous data,
therefore, we hypothesized that if the same amount of feed is
administered to a neonate in intermittent meals rather than as
a continuous infusion there would be greater accretion of lean
tissue. The objectives of this study were as follows: 1) to compare
the effects over a 3-wk period of continuous with intermittent
feeding on the growth of the neonatal pig; 2) to determinewhether
feeding frequency alters lean tissue, fat mass gain, or both; and 3)
to identify the signaling mechanisms by which protein deposition
is controlled in skeletal muscle in response to feeding frequency.

METHODS

Animals and surgeries

The Animal Care and Use Committee of the Baylor College of
Medicine approved all experimental procedures. This study was
conducted in accordance with the National Research Council’s
Guide for the Care and Use of Laboratory Animals. Eighteen
female crossbred (Yorkshire × Landrace × Hampshire × Duroc)
pigs (Agricultural Headquarters of the Texas Department of
Criminal Justice) (n = 6/group) at 2 d of age and weighing
∼2 kg were placed under general anesthesia and, using sterile
technique, were fitted with indwelling catheters in the carotid
artery and jugular vein and a gastrostomy tubewas also implanted
for diet delivery as previously described (21). Pigs were
placed in protective jackets and housed individually in cages
equipped with swivel and tether systems to administer the diet
in an environmentally controlled roommaintained at 30°Cwith a
12-h light-dark cycle. They were provided with enrichment toys

TABLE 1
Ingredients and nutrient composition of the experimental diet

Per kilogram of diet as fed

Ingredient, g
Whey protein concentrate (80% crude protein)1 73
Lactose 9
FatPak 802 6
Corn oil 31
Water 868
Xanthan gum 2
Vitamin premix3 2
Mineral premix3 9

Calculated analysis
Crude protein, g 58
Crude fat, g 40
Carbohydrates, g 13
Metabolizable energy, kcal 644

1Hilmar Ingredients.
2Milk Specialties Global Animal Nutrition.
3Dyets, Inc. The vitamin premix provided the following (in grams

per kilogram): thiamin HCl (0.1), riboflavin (0.375), pyridoxine HCl
(0.1), niacin (1), calcium pantothenate (1.2), folic acid (0.13), biotin
(0.02), cyanocobalamin (1.5), retinyl palmitate (0.8), cholecalciferol (0.05),
tocopheryl acetate (8.8), and menadione sodium bisulfite (0.08). The trace
mineral premix provided (in g/kg): calcium phosphate, dibasic (187); calcium
carbonate (279); sodium chloride (85); potassium phosphate, monobasic
(155); magnesium sulfate, anhydrous (44); manganous carbonate (0.93);
ferric citrate (10); zinc carbonate (1.84); cupric carbonate (0.193); potassium
iodate (0.005); and sodium selenite (0.007).

and supplementedwith heating lamps during the first week of life.
Pigs were allowed to recover and were fed a commercial sow-
milk replacer (Soweena Litter Life; Merrik’s) for 3 d postsurgery
before they were randomly assigned to treatment groups at the
initiation of the experimental feeding protocol.

Diet

All of the pigs received the same amount of sow-milk replacer
[240 mL • kg body weight (BW)−1 • d−1; 12.8 g crude protein •
kg BW−1 • d−1 and 155 kcal • kg BW−1 • d−1] via a gastrostomy
tube either continuously (CON; n = 6; 10 mL • kg BW−1 • h−1)
or intermittently (INT; n = 12; 40 mL • kg BW−1 • bolus−1

delivered over 15 min every 4 h) for 21 d (Table 1). Pigs that
were intermittently fed were either killed immediately before a
meal (INT-0) or 60 min after a meal (INT-60). Data for INT-0 and
INT-60 groups were pooled for body composition, plasma amino
acid and insulin concentrations, and muscle weight because these
groups were treated identically from the start of the study until the
time these data were obtained.

Body-composition and anthropometric measurements

On day −3 and 18 d after starting the feeding trial, body
composition was determined on anesthetized pigs by dual-
energy X-ray absorptiometry (DXA) with the use of a fan-
beam densitometer (Hologic QDR4500A) in the infant whole-
body scan mode. Previously published calibration equations
specific to young piglets were used to estimate fat and lean mass
(22). Spine length was determined from the DXA images and
defined as the distance between the first cervical to the sixth
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lumbar vertebrae. Spine length and body composition at the start
(day 0) and end (day 21) of the feeding period were inferred
from DXA measurements at days −3 and 18, respectively. Spine
length was calculated by using the daily increment in length
determined from the measurement at −3 and 18 d and assuming
a linear rate of change. The percentage of fat and total lean mass
were calculated from the product of BW at days 0 and 21 and
percentage fat or percentage lean at −3 and 18 d assuming no
change in composition between −3 and 0 d and 18 and 21 d
(−3-d and 18-d values are shown in Supplemental Table 1).
Total fat is the product of percentage fat and body weight.
After being killed, the longissimus dorsi, gastrocnemius, and
soleus muscles were quantitatively dissected and weighed. The
efficiency of food conversion to BW gain was calculated with the
use of the following formula:

Efficiency of food conversion= (weight gained/food consumed)
(1)

where weight gained is the change in BW in kilograms from day
0 to 21 of the feeding protocol and food consumed in kilograms
over the same 21 d. Total body protein was calculated from DXA
lean values with the use of the following equation (23):

Body protein = −1.062 + (0.2 •DXA lean) (2)

Efficiency of energy retention was calculated from total fat
and protein deposition calculated from the DXA measurements.
Protein retention efficiency was calculated as follows:

100 × protein deposited (g) /dietary protein consumed (g)
(3)

The efficiency of energy deposition was calculated as follows:

100 × [
protein deposited (kcal) + fat deposited (kcal)

]

/dietary energy consumed (kcal) (4)

assuming energy values for protein and fat of 5680 and 9460
kcal/kg, respectively.

Blood sampling

On the 21st day of feeding, blood samples were taken over
a 4-h period, every 15 min from 0 to 90 min after feeding and
every 30 min thereafter. Plasma samples were stored at −20°C
until analysis. Samples were analyzed for glucose using a glucose
oxidase method (model 2300; Yellow Springs Instrument Co.),
branched-chain amino acids using a leucine oxidase method
(24), and insulin using a porcine insulin radioimmunoassay
(Millipore).

Fractional protein synthesis

Tissue fractional protein synthesis rates were measured
by using a flooding dose of l-[4-3H]phenylalanine (12).
Piglets received l-[4-3H]phenylalanine (1.5 mmol/kg BW,
0.5 mCi/kg BW; American Radiolabeled Chemicals, Inc.). Pigs
in the INT-0 group were injected 30 min before a feeding,
and killed 30 min later before being fed. Those in the INT-60

group were given the tracer 30 min after a feeding and killed
30 min later. For the CON group, the isotope was injected
without interrupting the feeding and the piglets killed 30 min
later. After pigs were killed with an overdose of pentobarbital,
samples were immediately frozen in liquid nitrogen and stored
at −70°C until analysis (12). The specific radioactivities of
phenylalanine incorporated into tissue proteins and the tissue-
free pools were analyzed as previously described (15). Fractional
rates of protein synthesis (KS; %/d) were calculated by using the
following formula:

KS = [(
SAbound phe/SAfree phe

) × 1440/t
] × 100 (5)

where SAbound phe and SAfree phe (dpm/nmol) are the specific
radioactivity of protein-bound and tissue-free phenylalanine,
respectively, t (minutes) is the time after tracer administration,
and 1440 is a conversion factor (minutes to days).

Protein synthetic capacity and efficiency

The protein concentration in muscle homogenates was deter-
mined by using the bicinchoninic acid assay (Thermo Scientific)
and total RNA by the method of Munro and Fleck (25). Protein
synthetic capacity (CS; µg RNA/mg protein) was calculated
as the RNA-to-protein ratio and protein synthetic efficiency
(KRNA; g protein • d−1 • g RNA−1) as the total protein synthesized
in a day per total RNA.

Reverse transcriptase and real-time quantitative polymerase
chain reaction

Polysomal fractions were prepared with the use of sucrose
density gradients. Isolated RNA was reverse transcribed to
complementary DNA and quantitated by quantitative reverse
transcriptase–polymerase chain reaction. The proportion of ribo-
somal protein (rp) S4 (rpS4), rpS8, and ornithine decarboxylase
(ODC) mRNAs in the polysomal fraction was determined in
longissimus muscle as described previously (26).

Protein Western blot analysis

Proteins from longissimus dorsi muscle homogenates were
separated by SDS-PAGE as described previously (21). Im-
munoblotting was performed using the following primary
antibodies: eukaryotic elongation factor 2 (eEF2; total and
phosphorylated Thr56; Cell Signaling Technology), eukary-
otic initiation factor (eIF) 2α (eIF2α; total and phosphory-
lated Ser51; Cell Signaling Technology), eIF4E (gift of
Leonard Jefferson, Penn State University College of Medicine),
eIF4G (EMD Millipore), F-box protein atrogin-1/MAFbx
(Atrogin-1; ECM Biosciences), forkhead transcription factor
3 (Fox03; total and phosphorylated Ser253; Cell Signaling
Technology), insulin receptor (IR; Santa Cruz Biotechnology),
insulin receptor substrate 1 (IRS-1; Santa Cruz Biotechnology),
microtubule-associated protein 1 light-chain 3 (LC3; Cell
Signaling Technology), muscle ring finger 1 (MuRF1; R&D
Systems), lysosome-associated membrane protein 2 (LAMP2;
Epitomics), l-type amino acid transporter 1 (LAT1; Cell
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Signaling Technology), phospho-tyrosine (p-Tyr; Cell Sig-
naling Technology), phospho-threonine (p-Thr; Santa Cruz
Biotechnology), protein kinase B (PKB; total; Santa Cruz
Biotechnology; phosphorylated Thr308; Cell Signaling Tech-
nology), ribosomal protein S6 kinase 1 (S6K1; total; Santa
Cruz Biotechnology; phosphorylated Thr389; EMD Millipore),
sodium-coupled neutral amino acid transporter 2 (SNAT2;
Santa Cruz Biotechnology), and α-tubulin (Santa Cruz Biotech-
nology). Protein loading was normalized against α-tubulin
abundance, and immunoblots that were probed with antiphospho-
specific antibodies were normalized to the corresponding non–
phospho-specific antibodies. Blots were developed by using
an enhanced chemiluminescence kit (GE Health Sciences) and
visualized and analyzed using a ChemiDoc-It Imaging System
(UVP).

Quantification of eIF4E–eIF4G complex

The complex was immunoprecipitated with an anti-eIF4E
monoclonal antibody from aliquots of fresh tissue homogenates
as previously described (21).

Statistical analysis

Treatments were assigned to experimental units with the
use of a complete randomized block design. A sample of 6
pigs/treatment was expected to provide 80% power (α = 0.05;
2-tailed) to detect a difference between treatments of 30% with
the assumption of 15% between animal variation. To investigate
temporal effects, data were analyzed as repeated measures with
the use of the MIXED procedure of SAS (version 9.4; SAS
Institute). Various autocorrelation structures were investigated
on the basis of the Bayesian information criterion for model
selection. First-order autoregressive covariance structure gave
the best fit (smallest Bayesian information criterion) and this
structure was then used for all repeated-measures analyses.
All other data were analyzed by ANOVA using the MIXED
procedure of SAS. When a significant effect was detected, means
were compared by using the Tukey-Kramer post hoc test. Data are
presented as least-square means ± SEMs, and differences were
considered significant at P ≤ 0.05.

RESULTS

Growth and body composition

BW was greater for INT than for CON pigs on day 9 and at
each day measured thereafter (P < 0.001; Figure 1A). Spine
length (Figure 1B), lean tissue mass (Figure 1C), and fat mass
(data not shown) determined by DXA were greater for INT than
for CON pigs after 21 d of feeding (P < 0.0001, P < 0.001, and
P < 0.05, respectively). However, mean values for percentage
of fat (Figure 1D) were not affected by feeding modality.
Intermittent feeding resulted in improved food conversion
efficiency (Figure 1E) compared with continuous feeding (0.20
compared with 0.14 kg BW gain/kg milk; P < 0.0001). In
addition, the efficiencies of protein and energy retentions (Figure
1F, G) were improved by 30% and 44%, respectively, with
intermittent compared with continuous feeding (P < 0.001 and
P < 0.05, respectively). Longissimus dorsi (Figure 1H), soleus

(Figure 1I), and gastrocnemius (Figure 1J) muscles were 56%,
35%, and 36% heavier (P < 0.001, P < 0.01, and P < 0.01,
respectively) in the INT group than in the CON group.

Branched-chain amino acids and insulin

Arterial branched-chain amino acid (Figure 2A) and insulin
(Figure 2B) concentrations, measured on the last day of feeding,
were greater in INT pigs after the meal than in CON pigs
(P < 0.001). The mean arterial branched-chain amino acid
concentration was 1300 µmol/L for the CON group, and for
INT pigs concentrations reached a maximum of 1760 µmol/L at
60 min before returning to baseline (1100 µmol/L) by 180 min
postfeeding. In the INT pigs, maximum insulin concentrations
were reached at 30 min after the meal and returned to prefeeding
levels by 3 h, whereas circulating insulin concentrations remained
low and constant in the CON group.

Fractional protein synthesis rates

Fractional protein synthesis rates (KS) in the INT-60 group
increased by 40% in longissimus dorsi (Figure 3A;P< 0.01) and
by 34% in the soleus and gastrocnemius (Figure 3B, C; P< 0.01
and P < 0.05, respectively) muscles compared with those in the
CON group. There were no differences in Ks between the CON
group and the INT-0 group.

Protein synthetic capacity and efficiency

There was no effect of feeding modality on total RNA concen-
tration, a measure of ribosomal abundance and protein synthetic
capacity (Cs) in the longissimus, soleus, and gastrocnemius
muscles (Figure 3D–F) (27). However, the efficiency with which
ribosomes translate mRNA into protein (KRNA) was significantly
higher in the longissimus (P < 0.05) and soleus (P < 0.01)
muscles of INT-60 pigs compared with INT-0 and CON pigs
(Figure 3G, H), but was not different for the gastrocnemius
muscle (Figure 3I).

Ribosomal proteins

The expression of ODC was used as a reference. There were
no differences in the proportion of longissimus dorsi muscle rpS4
and rpS8 mRNA in polysomes in response to feeding frequency
(Supplemental Figure 1A, B).

Translation initiation and intracellular signaling

In the longissimus dorsi muscle, relative IR abundance
was unaffected by feeding modality (Figure 4A). Tyrosine
phosphorylation of IR (Figure 4B), corrected for abundance,
increased in INT-60 pigs compared with CON and INT-0 pigs
(P< 0.0001); however, IR threonine phosphorylation (Figure 4C)
was not affected by treatment. IRS-1 abundance (Figure 4D) and
IRS-1 tyrosine phosphorylation (Figure 4E)were similar between
all 3 treatments, but IRS-1 threonine phosphorylation (Figure
4F) was lower (P < 0.05) for the INT-60 group than for the
CON group, and the INT-0 group was intermediate in value. PKB
abundance (Figure 4G) was not affected by feeding frequency.
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FIGURE 1 Growth and efficiency of nutrient deposition. Body weight (A) over the 21-d feeding period; spine length (B), lean mass (C), and percentage
of fat (D) by dual X-ray absorptiometry at 0 and 21 d; food conversion (E); efficiency of protein retention (F) and efficiency of energy retention (G) integrated
over the 21-d feeding period; and longissimus dorsi muscle mass (H), soleus muscle mass (I), and gastrocnemius muscle mass (J) after 21 d of feeding neonatal
pigs either continuously or intermittently. Values are means ± SEMs; n = 6 (CON) and 12 (INT). “INT” represents INT-0 and INT-60 data that were pooled
because these groups were treated identically from the start of the study until the time these data were obtained. Spine length and body composition at the
start (day 0) and end (day 21) of the feeding period were inferred from dual X-ray absorptiometry measurements at days –3 and 18, respectively, as described
in Methods. Statistical analyses were conducted by using mixed-model repeated-measures ANOVA. When a significant effect was detected, all means were
compared using a Tukey-Kramer post hoc test. *Body weight of INT pigs differed from that of CON pigs, P ≤ 0.001. Means without a common letter differ
significantly. CON, continuously fed; INT, intermittently fed; INT-0, intermittently fed just before a meal; INT-60, intermittently fed 60 min after a meal.
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(A)

(B)

FIGURE 2 Arterial plasma branched-chain amino acid (A) and insulin (B) concentrations on day 21 of feeding neonatal pigs either continuously or
intermittently for 21 d. Values are means ± SEMs; n = 6 (CON) and 12 (INT). “INT” represents INT-0 and INT-60 data that were pooled because these
groups were treated identically from the start of the study until the time these data were obtained. Statistical analyses were conducted by using mixed-model
repeated-measures ANOVA. When a significant effect was detected, all means were compared using a Tukey-Kramer post hoc test. CON, continuously fed;
INT, intermittently fed; INT-0, intermittently fed just before a meal; INT-60, intermittently fed 60 min after a meal.

However, PKB phosphorylation (Figure 4H) was greater in the
INT-60 than in the INT-0 and CON muscles (P < 0.001).

Phosphorylation of S6K1 (Figure 4I) and formation of the
active eIF4E–eIF4G complex (Figure 4J) were enhanced in
longissimus dorsi muscle in response to meal feeding in the
INT-60 pigs compared with CON or INT-0 pigs (P < 0.05
and P < 0.001, respectively). Phosphorylation of eIF2α
(Figure 4K), which inhibits protein synthesis, was lower in INT-
60 pigs than in CON pigs (P < 0.05), and INT-0 pigs were
intermediate between the 2. There was no effect of treatment
on eEF2 phosphorylation (Figure 4L). Expression of the amino
acid transporters LAT1 and SNAT2 was not different between
the 3 treatments (Supplemental Figure 2A, B). Furthermore, the
abundances of eIF2α, eEF2, S6K1, eIF4E, and eIF4G were not
affected by feeding modalities (data not shown).

Fox03 abundance and phosphorylation (Figure 5A, B) were
not affected by treatment; however, the abundance of the
ubiquitin ligases MuRF1 and Atrogin-1 (Figure 5C, D) was
highest for INT-60 pigs compared with CON pigs (P = 0.05
and P < 0.01, respectively), with INT-0 pigs being intermediate
between the 2. The LC3-II to total LC3 ratio (Figure 5E) was

greater in INT-0 pigs than in CON pigs (P < 0.001), but after
feeding (INT-60), the ratio decreased below levels in CON pigs
(P < 0.0001). There was no effect of treatment on LAMP2
expression (Figure 5F).

DISCUSSION

We showed that the surge in insulin and amino acids after
an intermittent bolus meal activates the signaling components
that regulate translation initiation and stimulate protein synthesis,
whereas the low and constant hormone-substrate pattern incurred
with continuous feeding attenuates protein synthesis in the
neonatal piglet model (20, 21, 26). Whether these differences are
maintained over the long term is uncertain due to the limited
published data from either human or animal model studies.
Herein, our findings show that the protein synthetic response
to feeding modality underlies the differences observed between
groups in muscle and whole-body lean growth. The results of the
present study also suggest that intermittent feeding enhances lean
tissue accretion more than does continuous feeding in full-term
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(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

FIGURE 3 Fractional protein synthesis rates (Ks) of longissimus dorsi (A), soleus (B), and gastrocnemius (C) muscles; RNA synthetic capacity (Cs) of
longissimus dorsi (D), soleus (E), and gastrocnemius (F) muscles; and RNA synthetic efficiency (KRNA) of longissimus dorsi (G), soleus (H), and gastrocnemius
(I) muscles of neonatal pigs fed for 21 d either continuously or intermittently with measurements made just before (INT-0) or 60 min after (INT-60) a meal.
Values are means ± SEMs; n = 6. Statistical analyses were conducted by mixed-model ANOVA. When a significant effect was detected, all means were
compared using a Tukey-Kramer post hoc test. Means without a common letter differ significantly. “NS” denotes no significant differences between treatments.
CON, continuously fed; INT, intermittently fed.

neonatal pigs by promoting a pulsatile pattern of amino acid– or
insulin-induced translation initiation or both.

It has been shown that intermittent feeding results in equal
(28–30) or better (31) weight gains than continuous feeding.
Previously, we reported that protein synthesis in muscle increases
after a meal in a neonatal piglet model (26). We also established
that intermittent feeding enhances protein accretion by upregu-
lating protein synthesis with no changes to degradation (21). In
these studies, however, the feeding protocols were administered
only for 24 h, and it was uncertain if the responses would be
maintained over a more chronic and clinically relevant length of
time. In the current study, after 21 d of intermittent feeding, BW
gain was enhanced compared with continuous feeding.

Our results showed that after 21 d fractional protein synthesis
was similar in pigs fed intermittently right before a meal

and those fed continuously but was higher 60 min after a
meal in INT pigs than in CON pigs, which is in agreement
with our previous findings (20). The rate of protein synthesis
depends on the capacity and efficiency of the translation process
(15). Our data indicate that in the longissimus dorsi muscle,
the synthesis of rpS4 and rpS8 was not affected by feeding
modality. However, the increase in the fractional rate of protein
synthesis in the longissimus dorsi and soleus muscles in INT pigs
60 min after a meal was driven by the enhanced protein synthetic
efficiency.

The regulation of protein synthetic efficiency by feeding is
mediated through the control of translation initiation or elonga-
tion mechanisms or both in response to feeding-induced changes
in the activity of insulin and amino acid–signaling pathways
(14, 18). The abundances of IR and IRS-1 were not affected by
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(D) (E) (F)

(G) (H) (I)

(J) (K) (L)

FIGURE 4 Insulin pathway and translation initiation signaling. IR expression (A), IR pTyr (B), IR pThr (C), IRS-1 expression (D), IRS-1 pTyr (E), IRS-1
pThr (F), PKB expression (G), PKB phosphorylation (H), S6K1 phosphorylation (I), association of the eIF4G–eIF4E complex (J), eIF2α phosphorylation (K),
and eEF2 phosphorylation (L) in the longissimus dorsi muscle of neonatal pigs fed for 21 d either continuously or intermittently with measurements made just
before (INT-0) or 60 min after (INT-60) a meal. Values are means ± SEMs; n = 6. Statistical analyses were conducted by using mixed-model ANOVA. When
a significant effect was detected, all means were compared using a Tukey-Kramer post hoc test. “NS” denotes no significant differences between treatments.
Means without a common letter differ significantly. AU, arbitrary units; CON, continuously fed; eEF2, eukaryotic elongation factor 2; eIF, eukaryotic initiation
factor; INT, intermittently fed; IR, insulin receptor; IRS-1, insulin receptor substrate 1; PKB, protein kinase B; pThr, threonine phosphorylation; pTyr, tyrosine
phosphorylation; S6K1, ribosomal protein S6 kinase 1.
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FIGURE 5 Protein degradation signaling. Fox03 expression (A), Fox03 phosphorylation (B), MuRF1 expression (C), Atrogin-1 expression (D), LC3-II
to total LC3 ratio (E), and LAMP2 expression (F) in the longissimus dorsi muscle of neonatal pigs fed for 21 d either continuously or intermittently with
measurements made just before (INT-0) or 60 min after (INT-60) a meal. Values are means ± SEMs; n = 6. Statistical analyses were conducted by using
mixed-model ANOVA. When a significant effect was detected, all means were compared using a Tukey-Kramer post hoc test. “NS” denotes no significant
differences between treatments. Means without a common letter differ significantly. Atrogin-1, F-box protein atrogin 1/MAFbx; AU, arbitrary units; CON,
continuously fed; Fox03, forkhead transcription factor 3; INT, intermittently fed; LC3, microtubule-associated protein 1 light chain 3; LAMP2, lysosome-
associated membrane protein 2; MuRF1, muscle ring finger 1.

feeding frequency; however, tyrosine phosphorylation of the IR
and phosphorylation of PKB increased in INT pigs 60 min after a
meal. This is in accordance with our previous findings (20, 21,
32) that the rapid increase in insulin that occurs with feeding
(33) stimulates the IR and activates the signal transduction
pathway leading to PKB phosphorylation on Thr308 (34). The
activation of PKB after a meal occurs through insulin-mediated
phosphorylation but independently of the changes in amino acid
concentrations (34).

Prolonged hyperphosphorylation of S6K1 (35) serves as
a negative feedback process controlling IRS-1 activity (36)
through serine/threonine phosphorylation (37), which leads to
its degradation (38, 39). Conversely, our data suggest that,
although threonine phosphorylation of IRS-1 was reduced in
INT compared with CON piglets, the abundance of IRS-1 was
similar between the 2 feeding modalities. Thus, it seems likely
that the pulsatile changes in circulating insulin contributed to the
enhanced rate of protein synthesis and lean deposition in the INT
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pigs via activation of insulin-induced signaling leading to protein
synthesis.

There are 2 mechanisms that control translation initiation.
The first is via eukaryotic initiation factor 4E binding protein 1
(4EBP1) and S6K1, leading to the formation of the eIF4G–eIF4E
complex (40, 41). In the current study, S6K1 phosphorylation
and eIF4G–eIF4E complex formation increased 60 min after the
meal in the INT pigs but was not different in the CON or INT
pigs before the meal. The postprandial surges in both insulin
and amino acids are likely to have been responsible for these
changes.

The second mechanism that regulates translation initiation is
via the eIF2-dependent process (40, 41). In our previous studies,
phosphorylation of the α-subunit of eIF2, which negatively
regulates translation initiation, did not differ after 1 d of
continuous or intermittent bolus feeding (20, 21). In contrast, in
this study, phosphorylation of the α-subunit of eIF2 decreased in
INT compared with CON pigs, suggesting that eIF2-dependent
regulation of protein synthesis is sensitive to the chronic meal
frequency pattern. Thus, by stimulating both key steps that
regulate translation initiation, intermittent feeding resulted in a
greater increase in protein synthesis and ultimately improved gain
in muscle mass.

Skeletal muscle degradation through the autophagy-lysosomal
(42) and the ubiquitin-proteasome (43) systems becomes an
important source of amino acids when dietary nutrient intake is
insufficient (43). Although activation of the ubiquitin proteasome
system occurs in response to severe cachectic and catabolic states
(44–49), high rates of degradation also occur during muscle
hypertrophy (16, 50) and allow cellular protein remodeling to
occur (51). This is critically important for skeletal muscle when
undergoing maturation.

Polyubiquitination of target myofibrillar proteins in skele-
tal muscles (52–54) by muscle-specific E3 ubiquitin-ligases
Atrogin-1 and MuRF1 (43, 55–57) is the rate-limiting step
of the ubiquitin-proteasome system (42). In the current study,
expression of Atrogin-1 and MuRF1 was increased in muscle
of the intermittently fed pigs despite no changes in Fox03
phosphorylation. Although expression of MuRF1 and Atrogin-1
decreased after phosphorylation of Fox03 (47) by PKB (57),
it appears that, contrary to atrophy states, Fox03 signaling
is not correlated with transcription of MuRF1 and Atrogin-1
in response to muscle loading (58) or feeding frequency
(current study). It is also possible that transcription may have
been regulated through different post-translational modifications,
signaling pathways, or both (59).

A reduction in PKB phosphorylation induces autophagy
(42) through activation of LC3 (LC3-II) and the formation
of autophagosomes (42, 60). The autophagy-lysosomal system
appeared to be more sensitive to acute dietary changes than
the ubiquitin-proteasome system (20, 61). However, despite the
sensitive nature of this system, protein degradation was not
different between continuous and intermittent feeding protocols
of shorter (1 d) duration (21). An alternative explanation is that an
increase in LC3-II is caused by accumulation of autophagosomes,
a process that precedes autolysosome maturation and muscle
protein loss (42). This possibility, however, is unlikely because
LAMP2, a protein involved in the fusion of autophagosomes and
lysosomes (62), was not different between the groups. Our results
further show that the autophagy-lysosomal system is sensitive

to feeding frequency because activation of this pathway was
reduced in pigs fed intermittently after a meal.

In conclusion, our data suggest that intermittent bolus
compared with continuous feeding induces a pulsatile pattern
of circulating insulin and amino acids, which activates the
insulin and amino acid signaling pathways, leading to translation
initiation and stimulation of protein synthesis in muscle of
the neonate. This rapid increase in insulin and amino acids
likely contributes to the enhanced protein synthetic efficiency
and the consequent increase in lean mass with prolonged
intermittent feeding. The downregulation of the autophagy-
lysosomal pathway, but upregulation of the ubiquitin-proteasome
pathway, with intermittent bolus feeding may imply fine-tuning
of protein degradation systems to amino acid supply during a
period of rapid growth when tissue remodeling is critical. Our
results provide direct evidence that the intermittent bolus pattern
of feeding is more advantageous than continuous feeding in
improving lean body mass and growth of neonates.
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