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Abstract
The stage of development between birth and weaning in mammals is a period of very rapid growth
that is crucial for the long-term well-being of the animal. The rate of protein deposition in neonatal
animals is very high because dietary protein is efficiently utilized to increase body protein mass.
Our studies in neonatal pigs have shown that this high efficiency of protein deposition is largely
due to the marked increase in protein synthesis after feeding, and this response is particularly
profound in the skeletal muscle. The enhanced stimulation of muscle protein synthesis in neonates
after feeding is independently mediated by the rise in insulin and amino acids and this response
declines with age. Intracellular signaling components that respond to the postprandial rise in
amino acids and insulin have been identified and their activation has been shown to be elevated in
skeletal muscle of neonatal pigs after a meal and to decrease with development. The enhanced
activation of these components in the amino acid and insulin signaling pathways in neonatal
muscle contributes to the high rate of muscle protein synthesis and rapid gain in skeletal muscle
mass in newborn pigs, which are essential determinants of efficient growth during development.
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Implications
The skeletal muscles of healthy newborn mammals grow at rapid rates. Using baby pigs as
an animal model, we have shown that this is because the rate at which their muscles
synthesize protein increases profoundly when they eat. The rise in amino acids, which are
the building blocks of proteins, and the hormone, insulin, after eating stimulates the
synthesis of proteins in muscle. Intracellular signaling proteins have been identified that
stimulate the synthesis of muscle proteins by becoming activated in response to the rise in
amino acids and insulin. We have shown that the activity of these signaling proteins is
elevated in muscle of the newborn pig and decreases with age. Thus, the high capacity of
muscle in the newborn mammal to activate these signaling components contributes to the
rapid growth of muscle in neonates. These studies are providing physiologically relevant
information on the molecular mechanisms that regulate protein accretion and growth in a
model of high agricultural relevance.
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Developmental regulation of protein deposition
The rate of growth is higher during the neonatal period than at any other stage of postnatal
life in mammals (Young, 1970). In the newborn, the rate of protein deposition is very rapid
and is greater in skeletal muscle than in other tissues of the body (Reeds et al., 1992; Reeds
et al., 1993). As a result, the amount of muscle protein relative to body protein increases
substantially during the neonatal period (Davis et al., 1989; Fiorotto et al., 2000). However,
the fractional rate of growth of skeletal muscle, that is, the amount of muscle weight gained
in relation to the existing muscle mass, decreases markedly during the neonatal period.

Changes in the rate of protein deposition can be driven by changes in the rate of protein
synthesis and (or) protein degradation. Protein deposition occurs when the rate of protein
synthesis is higher than the rate of protein degradation. The high rate of muscle protein
deposition in the newborn and the decline in the fractional rate of muscle protein deposition
during early postnatal development are due to an elevated fractional rate of protein synthesis
at birth, which declines with age (Kelly et al., 1984; Davis et al., 1989; Davis et al., 1996;
Fiorotto et al., 2000). Indeed, fractional rates of muscle protein synthesis in the pig and rat
are about threefold higher at birth than at weaning. In contrast, fractional rates of protein
degradation in skeletal muscle are modestly elevated in early life and decline slightly with
age.

Rates of protein synthesis are determined by the abundance of ribosomes in a tissue and the
efficiency with which they translate mRNA into protein. The high rate of protein synthesis
in newborn muscle and its developmental decline are in part driven by an elevated number
of ribosomes at birth and a reduction in ribosome concentration as the skeletal muscle
matures (Davis et al., 1989; Fiorotto et al., 2000). The elevated capacity for protein
synthesis in skeletal muscle of the neonatal pig is also driven by an increased efficiency of
the translation process, which is markedly enhanced in response to ingestion of a meal
(Davis et al., 1996).

Feeding stimulates muscle protein synthesis
Dietary protein is utilized very efficiently for the deposition of whole-body protein in the
neonate, with little lost through catabolic processes (Davis et al., 1993a). Our study in rats
and pigs suggests that this high efficiency is due to a marked increase in the synthesis of
body protein after eating (Davis et al., 1993b; Burrin et al., 1995; Davis et al., 1996).
Although feeding stimulates protein synthesis in all tissues, the magnitude of the increase is
greater in skeletal muscle than in other tissues of the body (Davis et al., 1996). Feeding
stimulates protein synthesis in growing animals and humans (Garlick et al., 1983; Oddy et
al., 1987; Denne et al., 1991) and the response decreases with age (Melville et al., 1989;
Davis et al., 1996). The high rate of muscle protein synthesis in neonates in response to food
ingestion should be anticipated because the rate of protein deposition during the postprandial
period must be higher than the rate of protein loss during the postabsorptive period to allow
growth of skeletal muscle.

Insulin is an important regulator of muscle protein synthesis in neonatal
pigs

Insulin increases rapidly in response to feeding and plays a key role in regulating the
assimilation of nutrients. Early studies performed in incubated muscles obtained from
rodents showed that insulin stimulates the synthesis of protein (Harmon et al., 1984).
Because of these findings, studies to identify the mechanism responsible for the increase in
protein synthesis in skeletal muscle after eating have focused on insulin. In weaned rats, it
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was shown that the stimulation of muscle protein synthesis by feeding can be blocked by
anti-insulin serum (Preedy and Garlick, 1986). The infusion of insulin stimulates protein
synthesis in skeletal muscle of overnight-fasted weaned rats (Garlick et al., 1983), whole-
body protein synthesis in fetal sheep (Liechty et al., 1992) and the synthesis of protein in the
hindlimb of young lambs (Wester et al., 2000). In marked contrast to studies conducted in
growing animals, most studies performed in adult animals and humans show little, if any,
response of muscle protein synthesis to variations in insulin concentration within the
physiological range (Gelfand and Barrett, 1987; Baillie and Garlick, 1992). Altogether, these
results suggest that the response of muscle protein synthesis to insulin is characteristic of the
immature muscle and may be developmentally regulated.

Circulating concentrations of amino acids decrease during experimentally induced
hyperinsulinemia. Because a decrease in amino acids during the infusion of insulin could
limit the ability of insulin to stimulate protein synthesis, we developed a hyperinsulinemic–
euglycemic–euaminoacidemic clamp technique to examine the role of insulin in the
regulation of protein synthesis, independent of changes in circulating amino acids and
glucose (Wray-Cahen et al., 1997). This technique allows the maintenance of amino acids
and glucose at fasting or any other desired level during the infusion of insulin. More
recently, we modified this technique by the addition of somatostatin, which blocks insulin
and glucagon secretion by the pancreas, so that these hormones also can be maintained at
any desired level (including zero). This technique is termed the pancreatic–substrate clamp
(Vann et al., 2000). Using the hyper-insulinemic–euglycemic–euaminoacidemic clamp
technique in overnight-fasted 7- and 26-day-old pigs, we showed that when amino acids and
glucose are maintained at fasting levels, the infusion of insulin increases the uptake and
utilization of amino acids by the body (Wray-Cahen et al., 1997). Furthermore, the younger
the pig, the greater are both the sensitivity and responsiveness to insulin. This suggests that
the age-related decline in the insulin sensitivity of whole-body amino acid disposal may
underlie the age-related decline in the efficiency with which dietary amino acids are utilized
for protein deposition.

In further studies using the hyperinsulinemic–euglycemic–euaminoacidemic clamp
technique, we showed that raising circulating insulin concentrations from fasting to fed
levels can increase the rate of protein synthesis in skeletal muscle of neonatal pigs, even
when amino acids and glucose are maintained at fasting levels (Wray-Cahen et al., 1998).
The rate of muscle protein synthesis achieved is similar to that normally present in the fed
state. This response to insulin, like the response to feeding, is greater the younger the animal
is. Using the more refined pancreatic–substrate clamp technique, we showed that insulin
stimulates protein synthesis in skeletal muscle in a dose-dependent manner within the
physiological range (O’Connor et al., 2003a) until maximal rates are achieved at the level of
insulin normally present in the fully-fed state. Moreover, insulin stimulates protein synthesis
in muscle of the neonatal pig even when amino acids are allowed to fall to half of the level
normally present in the fasting state. This suggests that insulin mediates the stimulation of
protein synthesis by feeding in skeletal muscle of the neonate and this effect of insulin is
independent of amino acids. The response to insulin is specific for skeletal muscle as protein
synthesis in the visceral tissues does not respond to insulin infusion (Davis et al., 2001;
Suryawan et al., 2009), suggesting that the feeding-induced stimulation of protein synthesis
in visceral tissues is not mediated by insulin and that other anabolic factors are involved.

Amino acids are critical regulators of muscle protein synthesis in neonatal
pigs

The rise in circulating amino acids that occurs after a meal is critical to the upregulation of
whole-body rates of protein synthesis. In growing, adult and older mammals, amino acid
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infusion stimulates protein synthesis in skeletal muscle (Preedy and Garlick, 1986; Bennet et
al., 1990; Volpi et al., 1998). Thus, amino acids appear to have the ability to stimulate
protein synthesis in skeletal muscle throughout life, in contrast to the loss with age in the
ability of insulin to stimulate muscle protein synthesis.

To examine the role of amino acids as regulators of muscle protein synthesis during the
neonatal period, neonatal pigs were infused with an amino acid mixture that is similar in
composition to the amino acid composition of body protein (Davis et al., 2002). We showed
that infusion of amino acids to raise the circulating amino acid concentrations to the fed
level increases protein synthesis in skeletal muscle. The response to amino acids decreases
with age in parallel with the age-related decline in the response of muscle protein synthesis
to eating. Using the pancreatic clamp technique, we showed that the stimulation of muscle
protein synthesis by amino acids occurs in the presence of fasting levels of insulin, at levels
of insulin that are intermediate between the fasting and the fully fed levels, and even when
circulating insulin levels are reduced to undetectable levels (O’Connor et al., 2003a). The
magnitude of the increase in muscle protein synthesis in response to fed levels of amino
acids is similar to the magnitude of the increase in protein synthesis in response to fed levels
of insulin and the magnitude of the increase in protein synthesis that occurs after a meal. The
acute increase in muscle protein synthesis in response to fed levels of amino acids can be
largely reproduced by the provision of fed levels of the branched-chain amino acid, leucine
(Escobar et al., 2005; Escobar et al., 2006).

Thus, amino acids and insulin appear to act independently to stimulate protein synthesis in
skeletal muscle of the neonate after a meal, although the responses are not additive. The
ability of skeletal muscle to respond to both insulin and amino acids likely contributes to the
more rapid gain in protein mass in skeletal muscle, compared to other tissues of the body, in
the neonate. Because amino acids also stimulate protein synthesis in most visceral tissues of
the neonate (O’Connor et al., 2004; Suryawan et al., 2009), it appears that the rise in amino
acids after a meal mediates the post-prandial increase in protein synthesis in visceral as well
as peripheral tissues of the neonate.

Insulin signaling pathway leading to protein synthesis
Genetic and biochemical studies have shown the importance of the insulin signaling
pathway in the regulation of protein synthesis. The insulin signaling cascade is initiated by
the binding of insulin to its receptor (Figure 1), inducing autophosphorylation of the receptor
on its tyrosine residues, followed by the activation of its tyrosine kinase activity (Di
Guglielmo et al., 1998; Bevan, 2001). Insulin binding to its receptor leads to the activation
of the insulin receptor substrate (IRS)-1/2 proteins (White and Kahn, 1994). IRS 1/2 proteins
acts as docking proteins that transmit the insulin signal to several signaling molecules
including phosphoinositide 3-kinase (PI 3-kinase) and phosphoinositide-dependent kinase 1
(PDK-1). Their activation triggers downstream signaling pathways that lead to various
insulin-stimulated biological responses including protein synthesis (Egawa et al., 1999).
Protein kinase B (PKB) phosphorylates and inactivates an inhibitor of cell growth, called
tuberous sclerosis complex 1 and 2 (TSC2), to inactivate the function of the TSC1/2
complex, resulting in the activation of Rheb, followed by the induction of a mammalian
target of rapamycin (mTOR), a master protein kinase involved in cellular growth (Inoki et
al., 2003; Kwiatkowski and Manning, 2005).

mTOR binds to other cellular effectors to form the sub-cellular complexes, mTORC1 and
mTORC2, that regulate cellular growth and differentiation. mTOR binds with raptor and G
protein β-subunit-like protein (GβL) in a complex referred to as mTOR complex 1
(mTORC1; Kim et al., 2002; Sabitini, 2006). The role of raptor, although apparently
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essential for mTORC1 function, is not well understood, but it may serve as a scaffold for the
association of mTORC1 with its downstream effectors, ribosomal protein S6 kinase 1
(S6K1) and eIF4E-binding protein-1 (4EBP1; Avruch et al., 2005; Martin and Hall, 2005).
mTORC2 consists of mTOR, GβL and rictor and this complex has recently been shown to
activate PKB (Avruch et al., 2005), although it is less implicated in the direct regulation of
mRNA translation. In contrast, activation of mTORC1 upregulates mRNA translation by
enhancing the phosphorylation of S6K1 and 4EBP1. Phosphorylated 4EBP1 releases eIF4E
from an inactive eIF4E-4EBP1 complex, allowing the formation of the active eIF4E-eIF4G
complex that mediates the binding of mRNA to the 43S ribosomal complex (Niedzwiecka et
al., 2002).

Insulin signaling is downregulated by the action of a number of phosphatases. These include
protein tyrosine phosphatase-1B (PTP-1B), a negative regulator of tyrosine phosphorylation
of the insulin receptor and IRS-1 (Egawa et al., 2001). Phosphatase and tensin homolog
deleted on chromosome 10 (PTEN) inactivates PI 3-kinase, thereby reducing downstream
signaling (Goberdhan and Wilson, 2003). Protein phosphatase 2A (PP2A) negatively
regulates the phosphorylation state of PKB, S6K1 and 4EBP1 (Peterson et al., 1999).

Amino acid signaling pathway leading to protein synthesis
The signaling pathway by which amino acids stimulate protein synthesis is less well
understood than that of insulin. Studies performed in cell culture suggest that mTOR
integrates amino acid and insulin signals via multiple mechanisms including
phosphorylation of S6K1 and 4EBP1, resulting in the modulation of protein synthesis and
cell growth (Proud, 2004). However, little is known about the mechanism by which amino
acids modulate the activation of signaling components upstream of mTORC1. The
adenosine monophosphate-activated protein kinase (AMPK) phosphorylates TSC2 on
specific sites that enhance its activity during conditions of energy starvation (Hardie, 2005).
This results in the inhibition of mTORC1 activation and a reduction in protein synthesis. It
has been suggested that amino acids modulate mTOR through TSC2, but this has been
controversial (Kimball and Jefferson, 2006; Smith et al., 2005). It has also been postulated
that amino acids regulate the binding of raptor to mTOR, resulting in the activation of
downstream effectors of the mTORC1 complex, S6K1 and 4EBP1 (Hara et al., 2002; Kim et
al., 2002). Amino acid stimulation may also convert Rheb guanosine diphosphate to Rheb-
guanosine triphosphate, thereby enhancing the association between Rheb and mTOR, and
resulting in mTOR activation (Kimball, 2007; Long et al., 2005).

Regulation of the insulin and amino acid signaling pathways leading to
translation initiation in neonatal muscle

Most of the studies that have examined the regulation of the insulin and amino acid
signaling pathways have been performed in cell culture, and there has been little study of
intact animals under physiologically relevant conditions. Our studies in the neonatal pig
showed that the abundance of the insulin-receptor protein in skeletal muscle of the newborn
is twofold higher than at weaning (Suryawan et al., 2001). The abundance of some of the
downstream signaling proteins, including PKB and mTOR, also decreases as the animal
matures (Kimball et al., 2002). Moreover, the activation of the insulin receptor, IRS-1, PI 3-
kinase, PDK-1 and PKB in skeletal muscle increases after a meal and these responses also
decrease profoundly with age (Suryawan et al., 2001; Suryawan and Davis, 2005).
Furthermore, we showed that the infusion of physiological levels of insulin increases the
activation of these insulin signaling components in a dose-dependent manner and that the
effect of insulin on the activation of these early steps in the insulin signaling pathway is not
influenced by amino acids, regardless of age (Suryawan et al., 2004).
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Recently, we showed that the higher rate of protein synthesis in neonatal compared to more
mature muscle is in part due to a reduced activation of TSC1/2 and an enhanced activation
of mTOR1 (Suryawan et al., 2006). We further showed that insulin, but not amino acids,
increases PKB activation and decreases TSC2 activation in neonatal muscle. However, both
insulin and amino acids increase the phosphorylation of mTOR (Suryawan et al., 2007).

Our studies have shown that the activation of translation initiation factors in skeletal muscle
of the neonatal pig increases in response to feeding (Davis et al., 2000; Kimball et al., 2002;
Suryawan et al., 2006). The phosphorylation and activation of mTOR increase after a meal,
although the association of mTOR with raptor is not altered. Feeding also increases the
phosphorylation of the downstream effectors of mTOR1, that is, S6K1 and 4EBP1, resulting
in a decrease in association of the inactive eIF4E-4EBP1 complex, and an increase in
formation of the active eIF4E-eIF4G complex that regulates the binding of mRNA to the
ribosome. These responses to feeding decline with age in skeletal muscle.

The infusion of either insulin or amino acids, within the physiological range, increases the
phosphorylation of mTOR, S6K1 and 4EBP1, decreases the binding of 4E-BP1 to eIF4E and
increases eIF4E binding to eIF4G (O’Connor et al., 2003b). This suggests that the rise in
both insulin and amino acids after a meal activates signaling components that are
downstream of PKB, including mTOR, S6K1, 4EBP1 and eIF4E-eIF4G, and thus that both
insulin and amino acids utilize a common signaling pathway downstream of PKB. In
addition, the rise in the branched-chain amino acid, leucine, alone also increases mTOR
signaling (Escobar et al., 2005; Escobar et al., 2006). However, only the rise in insulin after
a meal, and not amino acids, activates PKB and the signaling components that are upstream
of PKB, that is, the insulin receptor, IRS-1 and PI 3-kinase (Suryawan et al., 2004).

Besides some reports in cell culture, less is known about the negative regulators of the
insulin and amino acid signaling pathways that lead to translation initiation in intact animals
under physiologically relevant conditions. Our studies have shown that the activation of
PTP1B, PTEN, PP2A and TSC2, which are negative regulators of insulin signaling, is low
in muscle of neonatal animals and increases with development (Suryawan and Davis, 2003;
Suryawan et al., 2006). These changes are consistent with the age-related decrease in muscle
protein synthesis. The activation of TSC2 decreases in response to feeding, although feeding
has no effect on PTP1B, PTEN and PP2A activation. Interestingly, the activation of AMPK,
a negative regulator of the mTOR pathway and a sensor of cellular energy, does not change
with feeding and is not affected by age.

Altogether, the results suggest that the age-related changes in the activation of both positive
and negative regulators of the insulin and amino acid signaling pathways contribute to the
high rate of protein synthesis in neonatal pigs and the decrease in response to insulin and
amino acids that occurs as the skeletal muscle matures.

Conclusion
Protein deposition is very rapid during the early life of pigs and this is driven by the high
fractional rate of protein synthesis in skeletal muscle. Neonates efficiently utilize their
dietary amino acids for growth due to an elevated capacity for stimulation of skeletal muscle
protein synthesis after food ingestion. This feeding-induced stimulation of muscle protein
synthesis is mediated by an enhanced sensitivity to the postprandial rise in circulating
insulin and amino acids. Components in the insulin and amino acid signaling pathways and
translation initiation that are involved in the feeding-induced stimulation of protein synthesis
in skeletal muscle have been identified. The enhanced activation of these signaling
components in neonatal muscle contributes to the high rate of protein synthesis and rapid
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gain in skeletal muscle mass in neonates and determines their ability to grow rapidly during
the developmental stage.
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Figure 1.
Insulin and amino acid signaling pathways that lead to the stimulation of translation
initiation. The binding of insulin to its receptor activates the insulin receptor and insulin
receptor substrate-1 (IRS-1), followed by the activation of phosphoinositide-3 kinase (PI 3-
kinase). Activated PI3 kinase stimulates phosphoinositide-dependent kinase 1 (PDK-1) and
protein kinase B (PKB) activation. Phosphorylation of PKB inactivates tuberous sclerosis
complex 1 and 2 (TSC1/2), inducing the activation of Rheb and mammalian target of
rapamycin (mTOR). Both amino acids and insulin activate mTOR, which exists in a
complex with raptor and G protein β-subunit-like protein (GβL). Activated mTOR
phosphorylates ribosomal protein S6 kinase 1 (S6K1) and eukaryotic initiation factor (eIF)
4E-binding protein-1 (4EBP1). Phosphorylation of S6K1 enhances the activation of
ribosomal subunit S6 (rpS6), which increases the translation of specific mRNA.
Phosphorylated 4EBP1 releases eIF4E from an inactive complex with 4EBP1, enabling the
formation of the active eIF4E-eIF4G complex that mediates mRNA binding to the ribosome.
Insulin signaling can be attenuated by a number of signaling proteins. These include protein
tyrosine phosphatase-1B (PTP-1B), which dephosphorylates the insulin receptor and IRS-1;
phosphatase and tensin homolog deleted on chromosome 10 (PTEN), which inactivates PI 3-
kinase; and protein phosphatase 2A (PP2A), which decreases activation of PKB and S6K1.
An increase in adenosine monophosphate (AMP) levels enhances AMP kinase activation,
increasing TSC1/2 complex activation and decreasing mTOR activation.
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