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Background: Continuous and intermittent bolus orogas-
tric feedings are strategies used in infants unable to tolerate 
normal feeds.
Methods: To determine the effects of feeding modality on 
protein synthesis in different tissues, neonatal pigs received a 
balanced formula by orogastric tube as an intermittent bolus 
feed every 4 h or as a continuous infusion, or were fasted 
overnight.
Results: As compared with fasting, protein synthesis in gas-
trocnemius, masseter, and soleus muscles; left ventricle; liver; 
pancreas; jejunum; and kidney increased in bolus- and contin-
uously fed pigs, but the greatest increase occurred after a bolus 
meal. Tuberous sclerosis complex (TSC2), the proline-rich AKT 
substrate of 40 kDa (PRAS40), eukaryotic initiation factor (eIF) 
4E binding protein (4EBP1), and ribosomal protein S6 kinase 
1 (S6K1) phosphorylation in all tissues, and the proportion of 
ribosomal protein S4 in liver polysomes were enhanced 90 min 
following the bolus meal but not immediately before the meal 
or during continuous feeding. Eukaryotic elongation factor 2 
(eEF2) and eIF2α phosphorylation were unaffected by feeding.
Conclusion: These results suggest that intermittent bolus 
feeding increases protein synthesis in muscles of different fiber 
types and visceral tissues to a greater extent than continuous 
feeding by stimulating translation initiation.

More than 10% of newborns are of low birth weight, and 
many exhibit adverse long-term health problems (1,2). 

There has been widely accepted recognition that adequate 
nutrition plays an important role in the survival and subse-
quent growth and development of low birth weight infants 
(3,4). Orogastric tube feeding by continuous infusion or inter-
mittent bolus delivery is necessary for neonates who are unable 
to coordinate oral food ingestion. Bolus feeding as compared 
with continuous feeding has been advocated to promote more 
normal feed–fast hormonal profiles and advance gastrointes-
tinal development (5,6). In some clinical studies, intermittent 
feeding has been reported to shorten the time required to reach 

full feeds, promote better feeding tolerance (7,8), and produce 
a faster weight gain as compared with continuous feeding (8), 
although contrary results have also been published (9). Using 
the pig as a model for the human neonate, intermittent feed-
ing as compared with continuous feeding has been shown to 
stimulate intestinal growth and development by increasing 
mucosal and intestinal protein mass (10). Despite these data, 
whether intermittent bolus and continuous feeding affect the 
regulation of growth in different organ systems has not been 
determined.

Rates of growth and protein turnover are at their highest 
during the neonatal period (11–14). Using the neonatal pig as a 
model of the human neonate, we have shown that feeding stim-
ulates protein synthesis in skeletal muscle and visceral organs 
(15,16). The response in muscle is regulated independently by 
the postprandial rise in insulin and amino acids (17), whereas 
in liver and other visceral tissues only amino acids are effective 
(18). Feeding increases protein synthesis through activation of 
translation initiation. There are two regulatory processes con-
trolling translation initiation (19,20); the first is mediated by 
eukaryotic initiation factor (eIF)-2 and involves the binding of 
initiator methionyl transfer RNA to the 40S ribosomal subunit 
to form the 43S preinitiation complex. The second involves 
the activation of mammalian target of rapamycin (mTOR), 
which phosphorylates the eIF4E repressor protein, 4E binding 
protein 1 (4EBP1) and 70 kDa ribosomal protein S6 kinase 1 
(S6K1), both of which regulate the binding of mRNA to the 
43S ribosomal complex. Activation of the mTOR by protein 
kinase B occurs in part through suppression of two inhibitors: 
tuberous sclerosis complex (TSC2) and the proline-rich AKT 
substrate of 40 kDa (PRAS40) (21,22). Insulin could also play 
a role in protein synthesis through dephosphorylation and 
deactivation of eukaryotic elongation factor 2 (eEF2), which 
controls peptide elongation (23).

Recently, we demonstrated that intermittent bolus feeding 
increases protein synthesis in fast-twitch glycolytic muscle to 
a greater extent than continuous feeding (24). However, no 
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information is available on the impact of these different feeding 
modalities on the regulation of protein synthesis in muscles of 
different fiber types and vital organs. In the present study, the 
objectives were to determine whether intermittent bolus feed-
ing as compared with continuous feeding enhanced protein 
synthesis in muscle of different fiber types and in vital organs, 
and to identify how feeding modalities affect the mTOR signal-
ing pathway in these tissues.

RESULTS
Plasma Branched-Chain Amino Acids and Insulin
Circulating branched-chain amino acid and insulin concentra-
tions over the entire feeding period were reported previously 
(24) and are presented in this article for reference. Branched-
chain amino acid concentrations were highest in the 25.5 h 
bolus group (P < 0.05; Figure 1), whereas for the 24 h bolus 
group concentrations were similar to those in fasted pigs. 
Plasma branched-chain amino acid levels for the 24 and 25.5 h 
continuously fed pigs were intermediate between those in the 
overnight-fasted and those in the 25.5 h bolus-fed groups. 
Plasma insulin concentration was highest for the 25.5 h bolus-
fed pigs as compared with all other groups (P < 0.05).

Protein Synthesis and mRNA Abundance in Liver Polysomes
The rates of protein synthesis in the gastrocnemius, masseter, 
soleus, and cardiac muscles were significantly higher in the 24 
and 25.5 h continuously fed and 24 h bolus groups as compared 
with the overnight-fasted group (P < 0.05; Figure 2). After 

25.5 h of bolus feeding (1.5 h after the last meal), protein syn-
thesis rates in all muscles were greater as compared with the 
fasted group (P < 0.05), and greater (P < 0.05) than after 24 h of 
intermittent bolus feeding (just before the last meal) as well as 
after 24 and 25.5 h of continuous feeding (P < 0.05).

In the liver, jejunum, pancreas, and kidney, protein synthe-
sis rates in all fed groups were higher than those in the fasted 
pigs (P < 0.05; Figure 3). In addition, protein synthesis rates 
in the bolus-fed group at 25.5 h were significantly higher than 
those of the bolus-fed group at 24 h (P < 0.05). In the jejunum 
and kidney, rates of synthesis for the continuously fed pigs 
were similar to the 24 h bolus group; however, for the liver 
and pancreas, the synthesis rates for the continuously fed pigs 
were higher than those of the 24 h bolus group (P < 0.05). In 
the liver, jejunum, and pancreas, protein synthesis rates in the 
25.5 h bolus-fed group were greater as compared with other 
feeding groups.

The proportion of rpS4 mRNA associated with polysomes 
in the liver was greater in the 25.5 h bolus-fed group as com-
pared with other groups (P < 0.05; Figure 4). There were no 
differences in rpS4 abundance among fasting, 24 and 25.5 h 
continuous feeding, and 24 h bolus-fed groups. The distribu-
tion of hepatic ornithine decarboxylase mRNA in sucrose 
density gradients, a negative control for the regulation of the 
terminal oligopyrimidine (TOP) mRNA, was unchanged by 
treatments.

Phosphorylation State of Signaling Components Leading to 
Protein Synthesis
To ascertain the effect of feeding modality on the activa-
tion of upstream regulators of mTOR, the phosphorylation 
of TSC2 and PRAS40 was determined. TSC2 phosphoryla-
tion was greater in muscles and internal organs for the 25.5 h 
bolus group as compared with all other treatments (P < 0.05; 
Table 1). Similarly, phosphorylation of PRAS40 was greater in 
the 25.5 h bolus-fed group as compared with all other groups 
(P < 0.05; Table 2). The phosphorylation of 4EBP1 and S6K1, 
downstream effectors of mTORC1 and major players in trans-
lation initiation, were determined in all tissues. In gastroc-
nemius, soleus, masseter, left heart, jejunum, and kidney, the 
phosphorylation of 4EBP1 was greater for the 25.5 h bolus 
group as compared with all other groups (P < 0.05; Table 3). 
Phosphorylation of 4EBP1 did not differ between 24 and 25.5 h 
continuously fed, 24 h bolus-fed, and overnight-fasted groups 
in all muscles, jejunum, and kidney. However, 4EBP1 phos-
phorylation in liver and pancreas was greater for the 24 and 
25.5 h continuously fed and 24 h bolus-fed groups than for the 
overnight-fasted group. For both tissues, 4EBP1 phosphoryla-
tion was greatest for the 25.5 h bolus group. In all tissues, phos-
phorylation of S6K1 was greater for the 25.5 h bolus group as 
compared with all other groups (P < 0.05; Figures 5 and 6). To 
determine the activation of the other arm of translation initia-
tion and peptide elongation, the phosphorylation of eIF2α and 
eEF2 were determined. In all tissues, neither eIF2α phosphory-
lation nor eEF2 phosphorylation were affected by treatments 
(Tables 4 and 5).

Figure 1.   Concentrations of plasma (a) branched-chain amino acid 
(BCAA) and (b) insulin in pigs fasted overnight or fed continuously or 
by intermittent bolus for 24 or 25.5 h. Values are means ± SEM, n = 5–7. 
*,‡,§Values not sharing common symbols differ significantly (P < 0.05).
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DISCUSSION
The adequacy of continuous vs. intermittent bolus feeding to 
sustain optimal growth rates remains controversial despite 
much research in this area (25). This is in part caused by 

confounders such as disease state, duration of stay in the hospi-
tal, and parenteral nutrient delivery, which limit clinical stud-
ies (25). The piglet is used in nutritional studies as a model for 
the human neonate due to our ability to vary only one factor 

Figure 2.  Protein synthesis in the (a) gastrocnemius, (b) masseter, (c) soleus, and (d) left ventricle of pigs fasted overnight or fed continuously or by 
intermittent bolus for 24 or 25.5 h. Ks, fractional protein synthesis in %/day. Values are mean ± SEM, n = 5–7. *,†,§Values not sharing common symbols differ 
significantly (P < 0.05).
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Figure 3.  Protein synthesis in the (a) liver, (b) jejunum, (c) pancreas, and (d) kidney of pigs fasted overnight or fed continuously or by intermittent bolus for 
24 or 25.5 h. Ks, fractional protein synthesis in %/day. Values are mean ± SEM, n = 5–7. *,†,‡,§Values not sharing common symbols differ significantly (P < 0.05).
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at a time and use invasive approaches to measure protein syn-
thesis in vivo in the piglet. These studies are clinically relevant 
because few data are available to describe the mechanisms con-
trolling protein synthesis under continuous and intermittent 
feeding. Previously, we have shown that intermittent feeding as 
compared with continuous feeding enhanced protein synthesis 
in the longissimus dorsi muscle (26). Given that the protein 

synthesis response to nutritional stimuli may vary with muscle 
type (11) and in viscera (16), the aim of this study was to deter-
mine the effects of feeding modalities on protein synthesis in 
different muscle types and also in internal organs.

There is a paucity of data comparing feeding frequency and 
its effect on growth and protein synthesis in neonates. Results 
from one human study suggest that protein deposition was 
similar in infants fed intermittently or continuously (27). In 
that study, however, nitrogen deposition was determined by 
net balance, which may not be sufficiently sensitive to mea-
sure subtle changes in protein deposition over a short period 
(28,29). In the current study, protein synthesis increased in all 
muscle types, ranging from those that contain primarily glyco-
lytic fibers to those with mainly oxidative fibers, and internal 
organs in response to feeding and the response was highest 
1.5 h following a meal in those pigs that had been fed inter-
mittently. Although we have previously reported differences in 
protein synthesis among different muscle types (26), it is likely 
that those differences represent only acute responses following 
4 h of enteral feeding, whereas in the current study the differ-
ences in responses were diminished following more prolonged 
feeding of 24 h. The increased protein synthesis in the jejunum 
is consistent with the findings of a previous study in which 
intermittent feeding was shown to stimulate intestinal growth 
and development in newborn piglets by increasing muco-
sal and intestinal protein mass as compared with continuous 
feeding (10).

We have previously shown, using the pancreatic-substrate 
clamp, that insulin and amino acids independently stimulate 
protein synthesis in skeletal muscle (17), but that the response 
in visceral tissue is primarily driven by amino acids (16). 
Postprandial protein synthesis rates following a meal paral-
leled the rapid rise in blood insulin and amino acid levels and 
returned to prefeeding rates by 4 h (26). In the current study, 
the greater increase in protein synthesis in the intermittent 
bolus–fed as compared with continuous-fed pigs was associ-
ated with more profound changes in circulating insulin and 
amino acids. As the increase in protein synthesis with feeding 
occurred in visceral tissues as well as in muscle, it seems likely 

Table 1.  Phosphorylation of TSC2 in muscles and visceral tissues of pigs fasted overnight or fed continuously or by intermittent bolus for 
24 or 25.5 h

Fasting Continuous Bolus

Tissue 0 h 24 h 25.5 h 24 h 25.5 h

Gastrocnemius 0.37 ± 0.08a 0.47 ± 0.07a 0.57 ± 0.08a 0.45 ± 0.06a 0.88 ± 0.06b

Soleus 0.24 ± 0.11a 0.33 ± 0.11a 0.34 ± 0.12a 0.26 ± 0.11a 0.85 ± 0.09b

Masseter 0.28 ± 0.11a 0.28 ± 0.10a 0.24 ± 0.11a 0.35 ± 0.09a 0.87 ± 0.08b

Left heart 0.42 ± 0.09a 0.49 ± 0.09a 0.49 ± 0.10a 0.48 ± 0.09a 0.92 ± 0.08b

Liver 0.30 ± 0.08a 0.39 ± 0.08a 0.47 ± 0.09a 0.38 ± 0.08a 0.87 ± 0.07b

Jejunum 0.20 ± 0.09a 0.35 ± 0.09a 0.27 ± 0.10a 0.28 ± 0.09a 0.82 ± 0.08b

Pancreas 0.35 ± 0.07a 0.32 ± 0.07a 0.38 ± 0.08a 0.36 ± 0.07a 0.87 ± 0.06b

Kidney 0.27 ± 0.10a 0.32 ± 0.10a 0.29 ± 0.11a 0.33 ± 0.10a 0.85 ± 0.09b

Values are mean ± SEM in arbitrary units, n = 5–7 per group.

TSC2, tuberous sclerosis complex.
a,bValues in a row not sharing common symbols differ significantly (P < 0.05).

Figure 4.  The proportion of (a) ornithine decarboxylase (ODC) and (b) 
ribosomal protein S4 (rpS4) mRNAs in the polysomal fraction in the liver of 
pigs fasted overnight or fed continuously or by intermittent bolus for 24 
or 25.5 h. Values are mean ± SEM, n = 5–7. ‡,§Values not sharing common 
symbols differ significantly (P < 0.05).
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that the increase in protein synthesis is at least in part due to 
the feeding-induced elevation in amino acids in the current 
study. Our studies also have shown that meal feeding increases 
protein synthesis by enhancing the activation of translation 
initiation, a process regulated by mTOR (26,30–32).

Protein synthesis is controlled by three regulatory mecha-
nisms. The first involves eIF2, which facilitates the binding of 
methionyl-tRNA to the 40S ribosomal subunit, forming the 
43S preinitiation complex (19,20). We have previously shown 
that the increased protein synthesis in response to feeding 
occurs independently of any changes in the phosphorylation 
of the α-subunit of eIF2 (24,33), which is in agreement with 
the current findings in both continuously and intermittently 
fed pigs.

The second process involves the binding of the active 
mRNA to the 43S preinitiation complex, facilitated by the 
eIF4G•eIF4E complex, a downstream effector of mTOR. The 
activation of the mTOR signaling pathway following a meal 
occurs through phosphorylation of protein kinase B, which 
phosphorylates and inactivates the allosteric inhibitors of 

mTOR, TSC1, and PRAS40 (21,22,34). In this study, the 
phosphorylation of protein kinase B target proteins, TSC2 
and PRAS40, increased 1.5 h following a meal, probably 
due to the rise in insulin (33,35). When activated, mTOR 
phosphorylates the downstream target proteins, S6K1 and 
4EBP1, leading to the dissociation of the eIF4E•4EBP1 com-
plex and the formation of the active eIF4G•eIF4E complex, 
which enhances translation initiation. In the current study, 
S6K1 and 4EBP1 phosphorylation increased 1.5 h following 
the meal in the intermittently fed pigs but was not differ-
ent from fasting either immediately before the meal or when 
pigs had been fed continuously at both time points for all 
tissues measured. Therefore, our data support our hypoth-
esis that intermittent bolus meal feeding enhances protein 
synthesis through activation of translation initiation in all 
muscle types, including the heart, and in vital organs, prob-
ably due to an increase in the activation of the insulin and/
or amino acid signaling pathways. The modest elevation in 
tissue protein synthesis in continuously fed as compared 
with fasting pigs that occurs despite the lack of stimulation 

Table 2.  Phosphorylation of PRAS40 in muscles and visceral tissues of pigs fasted overnight or fed continuously or by intermittent bolus for 
24 or 25.5 h

Fasting Continuous Bolus

Tissue 0 h 24 h 25.5 h 24 h 25.5 h

Gastrocnemius 0.35 ± 0.08a 0.41 ± 0.08a 0.46 ± 0.09a 0.42 ± 0.08a 0.93 ± 0.07b

Soleus 0.21 ± 0.11a 0.27 ± 0.11a 0.22 ± 0.12a 0.25 ± 0.11a 0.85 ± 0.09b

Masseter 0.46 ± 0.08a 0.47 ± 0.08a 0.45 ± 0.09a 0.53 ± 0.08a 0.88 ± 0.07b

Left heart 0.22 ± 0.09a 0.23 ± 0.09a 0.24 ± 0.10a 0.32 ± 0.09a 0.87 ± 0.07b

Liver 0.43 ± 0.06a 0.39 ± 0.06a 0.45 ± 0.07a 0.42 ± 0.06a 0.92 ± 0.05b

Jejunum 0.35 ± 0.08a 0.38 ± 0.08a 0.40 ± 0.09a 0.38 ± 0.08a 0.91 ± 0.07b

Pancreas 0.43 ± 0.06a 0.52 ± 0.06a 0.51 ± 0.07a 0.54 ± 0.06a 0.93 ± 0.05b

Kidney 0.26 ± 0.09a 0.31 ± 0.09a 0.35 ± 0.10a 0.29 ± 0.09a 0.89 ± 0.07b

Values are mean ± SEM in arbitrary units, n = 5–7 per group.

PRAS40, proline-rich AKT substrate of 40 kDa.
a,bValues in a row not sharing common symbols differ significantly (P < 0.05).

Table 3.  Phosphorylation of 4EBP1 in muscles and visceral tissues of pigs fasted overnight or fed continuously or by intermittent bolus for 
24 or 25.5 h

Fasting Continuous Bolus

Tissue 0 h 24 h 25.5 h 24 h 25.5 h

Gastrocnemius 0.04 ± 0.07a 0.24 ± 0.07a 0.26 ± 0.07a 0.22 ± 0.06a 0.83 ± 0.06b

Soleus 0.05 ± 0.08a 0.12 ± 0.07a 0.14 ± 0.08a 0.13 ± 0.07a 0.82 ± 0.06b

Masseter 0.05 ± 0.07a 0.23 ± 0.07a 0.23 ± 0.07a 0.22 ± 0.06a 0.84 ± 0.06b

Left heart 0.12 ± 0.11a 0.46 ± 0.09a 0.47 ± 0.11a 0.36 ± 0.09a 0.90 ± 0.08b

Liver 0.11 ± 0.07a   0.38 ± 0.07a,b 0.45 ± 0.07b 0.46 ± 0.06 b 0.88 ± 0.06c

Jejunum 0.10 ± 0.09a 0.36 ± 0.08a 0.37 ± 0.09a 0.43 ± 0.08a 0.78 ± 0.07b

Pancreas 0.16 ± 0.09a   0.59 ± 0.08b,c   0.61 ± 0.09b,c 0.60 ± 0.08b 0.93 ± 0.08c

Kidney 0.06 ± 0.09a 0.26 ± 0.08a 0.23 ± 0.09a 0.23 ± 0.08a 0.81 ± 0.07b

Values are mean ± SEM in arbitrary units, n = 5–7 per group.

4EBP1, 4E binding protein.
a,b,cValues in a row not sharing common symbols differ significantly (P < 0.05).
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of biomarkers of translation initiation may be due to an 
upregulation of reinitiation that is probably not mediated by 
this pathway (36).

The third process regulating protein synthesis is peptide 
elongation. Although phosphorylation of eEF2 can enhance 

peptide elongation in vitro (23), we have previously shown 
that under normal physiologic conditions in vivo, peptide 
elongation mediated by eEF2 phosphorylation does not 
change (24,33). The results of the current study show no 
effect of feeding on eEF2 phosphorylation and support our 

Figure 6.  Ribosomal protein S6 kinase 1 (S6K1) phosphorylation in the (a) liver, (b) jejunum, (c) pancreas, and (d) kidney of pigs fasted overnight or 
fed continuously or by intermittent bolus for 24 or 25.5 h. Values are mean ± SEM, n = 5–7. ‡,§Values not sharing common symbols differ significantly 
(P < 0.05). AU, arbitrary units.
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Figure 5.  Ribosomal protein S6 kinase 1 (S6K1) phosphorylation in the (a) gastrocnemius, (b) masseter, (c) soleus, and (d) left heart of pigs fasted 
overnight or fed continuously or by intermittent bolus for 24 or 25.5 h. Values are mean ± SEM, n = 5–7. ‡,§Values not sharing common symbols differ 
significantly (P < 0.05). AU, arbitrary units.
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previous findings that protein synthesis is mainly controlled 
by translation initiation rather than by peptide elongation.

Transcripts of genes involved in the synthesis and control 
of ribosomal proteins contain a TOP tract at the 5′-end of 
the transcript (37). Ribosomal protein S4 is a TOP gene that 
encodes a component of the 40S ribosomal subunit (38,39). 
Because only mRNAs associated with polysomes are trans-
lated (40,41), the distribution of the TOP mRNA between 
polysomal and nonpolysomal fractions correlates with active 
mRNA translation, and therefore protein synthesis. Previously, 
we showed that in response to meal feeding there was a tem-
poral increase in the proportion of rpS4 mRNA in polysomes 
with a concurrent increase in protein synthesis (26). In the cur-
rent study, the proportion of rpS4 mRNA associated with poly-
somes was higher in livers from pigs fed intermittently 1.5 h 
after a meal than in those fed continuously or intermittently 
just before the meal. Although feeding stimulates protein syn-
thesis in the liver, using hyperinsulinemic–euglycemic amino 
acid clamps, we have shown that amino acids, but not insulin, 
can enhance protein synthesis in the liver (15). Likewise, oral 
administration of leucine simultaneously increased the pro-
portion of hepatic rpS4 mRNA associated with polysomes and 

enhanced protein synthesis (42). Suppression of S6K1 phos-
phorylation by rapamycin inhibits 5′TOP mRNA translation 
(37). Therefore, it is likely that the mechanism by which rpS4 
translation is enhanced by intermittent feeding is through acti-
vation of the mTOR target, S6K1, and is mediated by amino 
acids.

The results of the current study showed that intermittent 
bolus as compared with continuous feeding increased protein 
synthesis in skeletal and cardiac muscles and in several vital 
organs of the neonatal pig. This increase occurred in associa-
tion with activation of the mTOR signaling pathway and the 
subsequent enhanced phosphorylation of S6K1 and 4EBP1. 
In the liver, the enhanced protein synthesis occurred through 
greater translation of TOP mRNA encoding for ribosomal 
proteins possibly via activation of the mTOR pathway. These 
results suggest that intermittent bolus feeding as compared with 
continuous feeding enhances tissue protein synthesis through 
increased activation of amino acid and insulin-induced trans-
lation initiation and by biogenesis of ribosomal proteins. As 
the intermittent bolus pattern of feeding as compared with 
continuous feeding enhanced protein synthesis similarly in all 
muscles and visceral tissues studied, the results suggest that 

Table 5.  Phosphorylation of eEF2 in muscles and visceral tissues of pigs fasted overnight or fed continuously or by intermittent bolus for 
24 or 25.5 h

Fasting Continuous Bolus

Tissue 0 h 24 h 25.5 h 24 h 25.5 h

Gastrocnemius 0.65 ± 0.13 0.64 ± 0.12 0.83 ± 0.13 0.67 ± 0.11 0.64 ± 0.10

Soleus 0.80 ± 0.20 0.89 ± 0.17 0.62 ± 0.17 0.90 ± 0.16 0.86 ± 0.15

Masseter 0.75 ± 0.14 0.77 ± 0.13 0.76 ± 0.14 0.71 ± 0.12 0.77 ± 0.11

Left heart 0.71 ± 0.18 0.78 ± 0.16 0.69 ± 0.18 0.79 ± 0.15 0.75 ± 0.14

Liver 0.61 ± 0.14 0.78 ± 0.12 0.65 ± 0.14 0.81 ± 0.11 0.81 ± 0.10

Jejunum 0.95 ± 0.24 0.91 ± 0.22 0.74 ± 0.24 0.81 ± 0.20 0.86 ± 0.18

Pancreas 0.65 ± 0.24 0.84 ± 0.21 0.68 ± 0.24 0.65 ± 0.20 0.79 ± 0.18

Kidney 0.76 ± 0.16 0.84 ± 0.15 0.82 ± 0.16 0.71 ± 0.13 0.78 ± 0.12

Values are mean ± SEM in arbitrary units, n = 5–7 per group. No significant differences were detected.

eEF2, eukaryotic elongation factor 2.

Table 4.  Phosphorylation of eIF2α in muscles and visceral tissues of pigs fasted overnight or fed continuously or by intermittent bolus for 
24 or 25.5 h

Fasting Continuous Bolus

Tissue 0 h 24 h 25.5 h 24 h 25.5 h

Gastrocnemius 0.79 ± 0.14 0.88 ± 0.13 0.73 ± 0.14 0.90 ± 0.12 0.83 ± 0.11

Soleus 0.89 ± 0.13 0.76 ± 0.12 0.80 ± 0.13 0.76 ± 0.11 0.73 ± 0.10

Masseter 0.74 ± 0.15 0.73 ± 0.14 0.76 ± 0.15 0.70 ± 0.13 0.71 ± 0.12

Left heart 0.80 ± 0.15 0.66 ± 0.14 0.85 ± 0.15 0.69 ± 0.13 0.66 ± 0.12

Liver 0.81 ± 0.15 0.87 ± 0.14 0.66 ± 0.15 0.65 ± 0.13 0.74 ± 0.12

Jejunum 0.71 ± 0.20 0.70 ± 0.18 0.76 ± 0.20 0.85 ± 0.16 0.80 ± 0.15

Pancreas 0.77 ± 0.20 0.84 ± 0.18 0.76 ± 0.20 0.86 ± 0.16 0.81 ± 0.15

Kidney 0.61 ± 0.13 0.67 ± 0.12 0.75 ± 0.13 0.71 ± 0.11 0.67 ± 0.10

Values are mean ± SEM in arbitrary units, n = 5–7 per group. No significant differences were detected.

eIF2α, eukaryotic initiation factor 2α.
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intermittent bolus feeding may promote symmetric growth 
in neonates. The results of this study are of direct relevance 
for infants and children who are on parenteral nutrition and 
not tolerating full feeds, and/or those who are continuously 
fed via orogastric or nasogastric tube due to feeding intoler-
ance. Furthermore, studies are needed to determine whether 
the intermittent bolus pattern of feeding, as compared with 
continuous feeding, will enhance lean body mass and weight 
gain in neonates.

METHODS
Animals and Design
The protocol was approved by the Animal Care and Use Committee 
of Baylor College of Medicine and was conducted in accordance 
with the National Research Council’s Guide for the Care and Use of 
Laboratory Animals. Sows and piglets were housed and managed as 
previously described (26). After birth, piglets resided with their sow 
and were not given supplemental creep feed. Piglets were studied at 
5–7 d of age and at a weight of 2.0 ± 0.4 kg.

Under general anesthesia and using sterile techniques, catheters 
were inserted into an external jugular vein and common carotid 
artery 3 d before infusion, as described previously (26). After recov-
ering from anesthesia, piglets were returned to their respective sows 
until the day of study.

Treatments and Infusion
Treatments were randomly assigned to piglets using a completely ran-
domized design. The five treatment groups (n = 5–7 per treatment) 
were (i) overnight fasted, (ii) intermittently bolus fed for 24 h, (iii) 
intermittently bolus fed for 25.5 h, (iv) continuously fed for 24 h, and 
(v) continuously fed for 25.5 h. Briefly, piglets assigned to the inter-
mittent bolus–fed groups were enterally fed by gavage (40 ml/kg body 
wt) a balanced enteral milk replacement every 4 h over a 15-min 
period and were killed at either 24 h (4 h after the last meal and just 
before a new meal) or 25.5 h (1.5 h after the last meal). We have previ-
ously shown (26) that the postprandial rise in translation initiation 
signaling and protein synthesis is sustained from at least 0.5–2 h but 
falls to baseline by 4 h after a meal. Therefore, we opted to sample 
just before and 1.5 h after the last meal. The milk replacer contained 
5% whey protein concentrate, 1% lactose, and 6.5% fat, providing 192 
kcal, 10 g protein, and 13 g fat per kg of body weight. The continuously 
fed groups received the same balanced enteral milk replacement at a 
rate of 10 ml/kg body wt/h maintained constant throughout the infu-
sion period until the piglets were killed 24 or 25.5 h later to allow for 
direct comparison in time with the bolus-fed groups. The overnight 
food–deprived piglets were killed at 0 h. Intermittent bolus–fed and 
continuously fed pigs were provided the same amount of food over 
a 24 h period.

Tissue protein synthesis In Vivo
Tissue protein synthesis was measured using a flooding dose of 
L-[4-3H] phenylalanine (43). Piglets received L-[4-3H] phenylalanine 
(1.5 mmol/kg body wt, 0.5 mCi/kg body wt; Amersham Bioscience, 
Piscataway, NJ) injected 30 min before they were killed. Samples were 
obtained from the gastrocnemius, masseter, and soleus muscles, left 
heart, liver, jejunum, pancreas, and kidney, and were immediately fro-
zen in liquid nitrogen and stored at −70 °C until analyzed (43).

Reverse Transcriptase and Real-Time Quantitative PCR
The proportion of ribosomal protein S4 (rpS4) and ornithine decar-
boxylase mRNAs in the polysomal fraction was determined in the 
liver as described previously (26).

Protein Immunoblot Analysis
Equal amounts of extracted protein from the muscle and visceral 
tissue homogenates were separated by electrophoresis on polyacryl-
amide gels. For each assay, all samples were run at the same time 
on triple-wide gels (C.B.S. Scientific, Del Mar, CA) to minimize 

interassay variation. Proteins were electrophoretically transferred to 
polyvinlidene difluoride transfer membranes (Pall, Port Washington, 
NY), incubated with appropriate primary antibodies, washed, and 
exposed to an appropriate secondary antibody (31).

Immunoblots that were probed with antiphospho-specific antibod-
ies were normalized by stripping the blots in stripping buffer and then 
reprobed with corresponding nonphospho-specific antibodies (Pierce 
Biotechnology, Rockford, IL). Immunoblotting was performed using 
the following primary antibodies: TSC2 (total and Thr1462; Cell 
Signaling, Danvers, MA), PRAS40 (total and Thr246; Cell Signaling), 
4EBP1 (total; Bethyl Laboratories, Montgomery, TX and Thr70; Cell 
Signaling), S6K1 (total and Thr398; Cell Signaling), eIF2α (total and 
Ser51; Cell Signaling), and eEF2 (total and Thr56; Cell Signaling). 
Blots were developed using an enhanced chemiluminescence kit (GE 
Health Sciences, Buckinghamshire, UK), visualized, and analyzed 
using a ChemiDoc-It Imaging System (UVP, Upland, CA).

Calculations and Statistics
The fractional rate of protein synthesis (Ks (%/day), percentage of 
protein mass synthesized in a day) was calculated as Ks = [(Sb/Sa) × 
(1,440/t)] × 100, where Sb (dpm/nmol) is the specific radioactivity 
of the protein-bound phenylalanine, Sa (dpm/nmol) is the specific 
radioactivity of the tissue free phenylalanine at the time of tissue col-
lection, corrected by linear regression with the blood-specific radio-
activity of the animal against time, t is the time of labeling in minutes, 
and 1,440 is for minutes-to-day conversion.

Statistical analysis was carried out using the MIXED proce-
dure of SAS (SAS Institute, Cary, NC), using one-way ANOVA 
to determine main statistical differences between groups. When 
a significant effect was detected, all means were compared using 
the Tukey–Kramer multiple-comparison test. Data are presented as 
least square means ± SEM, and differences are considered signifi-
cant at P ≤ 0.05.
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