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ABSTRACT

EFFECTSOF DIETARY LEUCINE SUPPLEMENTATION ON WHOLE-BODY
NITROGEN UTILIZATION AND TISSUE PROTEIN SYNTHESIS IN PIGS

Marko Rudar
University of Guelph, 2016

Advisor:
Dr. C. F. M. de Lange

Pigs raised under commercial conditions are routinely exposed to pathogens that cause
immune system stimulation (ISS). During ISS, a diet can be provided to pigs that blunts the
negative impact of ISS on whole-body amino acid (AA) metabolism and body protein deposition
(PD). Dietary Leu supplementation may be beneficial due to its regulatory effects on skeletal
muscle protein synthesis and degradation, but its anabolic properties may be tempered by ISS.
The research objectives of this thesis were to determine the effects of increasing the SID Leu:
Lys ratio and ISS on whole-body nitrogen (N) utilization, whole-body protein turnover, and
tissue protein synthesis in starter pigs.
Whole-body N utilization and protein turnover were evaluated with an N-balance and
continuous infusion of 15N-Gly. Protein deposition in pigs before ISS was affected by Leu in a
dose-dependent manner: increasing the standardized ileal digestible (SID) Leu: Lys ratio (%
Lys) to 150 reduced PD, which appeared to be reversed by further increasing the SID Leu: Lys
ratio to 200. Moreover, a linear decrease in whole-body protein synthesis and degradation was
observed with increasing SID Leu: Lys before ISS. Although whole-body protein synthesis and
PD were reduced during ISS, there was no effect of Leu on whole-body protein synthesis,
degradation, or PD. Given the high energetic cost of protein synthesis, and the relationship

between protein turnover and a minimum level of AA catabolism, it can be implied that dietary
Leu supplementation improves the efficiency of using energy for PD in healthy pigs.
Liver and skeletal muscle protein syntheses were determined with a flooding dose of L[ring-2H5]-Phe. The ISS-induced increase in liver protein synthesis was reversed with increasing
SID Leu: Lys, whereas skeletal muscle protein synthesis was increased with increasing SID Leu:
Lys. The Leu-induced alterations of liver protein and skeletal muscle protein synthesis may
facilitate AA utilization in skeletal muscle for PD. Since dietary Leu supplementation did not
affect PD during ISS, the optimum SID Leu: Lys ratio to minimize visceral PD and maximize
skeletal muscle PD should be considered in order to optimize AA nutrition for diseased pigs.
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CHAPTER 1: GENERAL INTRODUCTION

Improving the efficiency of nutrient utilization for production in growing pigs is an
important and ongoing area of research. Amino acid (AA) requirements for growing pigs have
been studied extensively (NRC, 2012), but there is limited information available on the impact of
immune system stimulation (ISS) and disease on AA requirements. Although a considerable
part of ISS-associated growth retardation can be attributed to reductions in AA and energy
intake, ISS produces a broad resistance to various anabolic stimuli. This results in a reduction in
muscle growth in order to supply AA to visceral tissues and cells of the immune system for host
defense (Le Floc’h et al., 2004). However, the dietary AA balance required during ISS is
different from the AA balance normally fed to healthy growing pigs that is optimized for lean
growth. In other words, AA that normally limit whole-body protein deposition (PD) in healthy
pigs are supplied in excess, whereas others may become limiting (Reeds et al., 1994). Amino
acids in excess of requirements of ISS-associated alterations in PD are not retained in the pig and
are catabolised, reducing nutrient utilization efficiency. Therefore, ISS-induced changes in AA
metabolism imply quantitative alterations to AA requirements. Fundamentally, diets should be
formulated that correspond to changes in whole-body protein and AA metabolism during ISS in
order to match the altered AA requirements or blunt the negative impact of ISS on whole-body
and tissue protein metabolism.
Although the requirements for several AA have been suggested to increase during ISS
(Obled, 2003), it is important to consider that – in addition to their primary role as substrates for
energy, protein, and peptide synthesis – some AA have non-proteinogenic properties that impact
whole-body protein and AA metabolism. Among the essential amino acids (EAA), Leu is a key
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regulator of skeletal muscle protein turnover (Garlick, 2005). Leucine, which functions as a
signal of nutritional status, enhances translation initiation, the rate-limiting step of protein
synthesis, through the mammalian target of rapamycin complex 1 signalling pathway. Leucine,
along with the other branched-chain AA, Ile and Val, are the only EAA that have catabolic
pathways active in skeletal muscle, and have a key role in inter-organ Ala and Gln metabolism.
Although Leu requirements for PD and the synthesis of acute phase proteins and other peptides
during ISS do not increase per se (Reeds et al., 1994), dietary Leu supplementation may still be
beneficial in part due to the regulatory effects of Leu on skeletal muscle protein synthesis.
This thesis presents studies in which the impact of increasing SID Leu: Lys in starter pig
diets prior to and during ISS was explored. First, the effect of Leu on the dynamics of wholebody nitrogen (N) utilization was determined in an N-balance study. Second, the effect of Leu
on whole-body protein turnover was assessed with a continuous infusion of 15N-Gly. Finally, the
effect of Leu on the synthesis rate of liver and skeletal muscle protein was evaluated with a
flooding dose of L-[ring-2H5]-Phe (40 mol %).

2

CHAPTER 2: LITERATURE REVIEW
2.1. Introduction
Pigs raised under commercial conditions are routinely exposed to pathogens that cause
immune system stimulation (ISS), leading to either acute or chronic disease. Following contact
with pathogens, immune cells release pro-inflammatory cytokines (interleukin (IL)-1, IL-6, and
tumour necrosis factor (TNF)-α) that together orchestrate an acute phase response, reducing
appetite and promoting lethargy, which limits lean growth and disrupts normal protein and amino
acid (AA) metabolism (Le Floc’h et al., 2004). Amino acids, derived from either the diet or
from body protein degradation, are directed to the liver where they are used primarily for
gluconeogenesis, acute phase protein (APP) and peptide synthesis, and other processes that
support the immune response (Li et al., 2007). Amino acids in excess of requirements for wholebody protein deposition (PD) are not retained and are instead catabolised, with nitrogen (N)
excreted in the urine as either urea or ammonia (Reeds et al., 1994). Skeletal muscle is an
important source of AA during ISS, particularly during a substantial reduction in AA intake.
However, the balance of AA required for the hepatic acute phase response is different from the
profile of AA released from degraded skeletal muscle protein (Reeds et al., 1994). This suggests
that AA that normally limit PD are available in excess whereas others may become limiting.
Therefore, changes in muscle and visceral protein and AA metabolism during ISS likely alter
dietary AA requirements. During ISS, a diet can be provided to pigs that either more closely
matches their specific AA requirements or abrogates the negative impact of disease on wholebody and tissue protein metabolism.
Branched-chain AA (BCAA) is a group of AA that comprise Leu, Ile, and Val. BCAA
are abundant in skeletal muscle, accounting for 30% of its essential AA (EAA) content, and are
3

the only EAA that have degradative pathways active in skeletal muscle and have a central role in
inter-organ Ala and Gln metabolism. Among the BCAA, Leu has been extensively reported to
have regulatory roles in muscle protein synthesis and degradation through the mammalian target
of rapamycin complex 1 (mTORC1) signalling pathway, both processes of which are modified
during ISS.
In this review, changes in whole-body and tissue protein and AA metabolism during ISS
will be discussed. Emphasis will be given in particular to the effect of Leu on these processes
and how Leu and other AA regulate the mTORC1 signalling pathway, particularly in skeletal
muscle. Specific shortages of research in this area will be examined to provide a basis for the
studies presented in this thesis.

2.2. Pro-inflammatory cytokine-mediated immune system stimulation
The mammalian immune system consists of innate and adaptive branches.

These

branches are highly interconnected through cells and cytokines, and both are required to
adequately protect the host from pathogens. The innate immune system constitutes the first line
of defense against infection and therefore has an essential role in the initial recognition and
response to pathogens. The primary functions of the innate immune system are to act as a
physical barrier to pathogens (e.g. skin, mucosal surfaces of the gastrointestinal, respiratory, and
urogenital tracts), recruit immune cells (e.g., granulocytes, phagocytes, and antigen-presenting
cells) to the site of infection, the clearance of pathogens, tissue repair, and the activation and
regulation of the adaptive immune system (Medzhitov and Janeway, Jr., 1997). The innate
immune system functions through the recognition of molecular patterns that are broadly shared
by pathogens but discernible from the host. These pathogen-associated molecular patterns
(PAMP), such as lipoteichoic acid and peptidoglycans from Gram-positive bacteria,
4

lipopolysaccharide (LPS) from Gram-negative bacteria, and single- and double-stranded RNA
from viruses, are recognized by pathogen recognition receptors (PRR), including toll-like
receptors, expressed by innate immune cells present in tissues, mainly resident macrophages,
mast cells, and dendritic cells (Mogensen, 2009). Following PAMP recognition, PRRs trigger
the expression of pro-inflammatory cytokines, chemokines, and cell adhesion molecules that
facilitate paracrine and endocrine communication required to induce inflammation and mediate
the acute phase response as part of the innate immune response.
The release of pro-inflammatory cytokines by innate immune cells is of particular interest
in pig production. These cytokines can disrupt normal neuroendocrine signalling and wholebody AA metabolism in order to preferentially partition AA away from production and towards
the acute phase response (Figure 2.1). A large part of ISS-induced reductions in growth may be
attributed to lower appetite, due to the coordinate and redundant activities of pro-inflammatory
cytokines, which may function to reduce energy expenditure on feeding behaviours during
disease and to prevent re-infection with food-borne pathogens (Johnson, 1997). However, proinflammatory cytokines have additional independent effects on visceral and peripheral protein
metabolism. The acute phase response ensures that the liver is adequately supplied with AA for
gluconeogenesis and the synthesis of proteins (e.g., albumin, haptoglobin, complement proteins)
and other immune compounds (e.g., glutathione; Le Floc’h et al., 2004). Amino acids, Gln in
particular, are a major energy substrate for rapidly proliferating cells, including immune cells
such as macrophages, neutrophils, and lymphocytes (Oehler and Roth, 2003). Although the
acute phase response is ultimately beneficial to the pig, it may be overactivated or activated for
an extended duration (Dionissopoulos et al., 2006). Therefore, an acute phase response with
limited effects on whole-body protein and AA metabolism may be advantageous.

5

2.3. Alterations in protein and amino acid metabolism during immune system stimulation
Immune system stimulation significantly alters whole-body protein and AA metabolism
and also the contribution of individual tissues to whole-body protein turnover.

In healthy

growing pigs, there is a net gain of whole-body protein and associated muscle growth. On the
other hand, ISS results in a general reduction in PD (Williams et al., 1997; Daiwen et al., 2008;
de Ridder et al., 2012; Litvak et al., 2013; Rakhshandeh et al., 2014). The ISS-induced changes
in PD are driven mainly by increased mobilization of AA from peripheral tissues and increased
utilization in visceral tissues to support the immune response, resulting in altered growth and
reduced muscle protein gain (Johnson, 1997). Since the AA profile of degraded muscle protein
is different than that of proteins expressed during the acute phase response, and the AA are
increasingly used for gluconeogenesis and APP synthesis, catabolism of the remaining nonlimiting AA increases the excretion of N in urine (Reeds et al., 1994). Finally, the relative
contribution of individual tissues to whole-body protein turnover is altered during ISS (Breuille
et al., 1994). Although only hepatic, gastrointestinal, and muscle protein turnover is discussed
below, the contribution of other tissues to whole-body protein turnover during ISS should be
considered because they may represent a substantial supply of AA to visceral tissues, such as the
skin, or a sink of AA from peripheral tissues, such as the lung and spleen (Breuille et al., 1998).

2.3.1. Liver and acute phase proteins
Acute phase proteins are plasma proteins synthesized in the liver whose concentrations
rapidly change after the onset of ISS. These proteins are classified based on their increased
(positive APP; α1-acid glycoprotein, C-reactive protein, pig major-acute phase protein, serum
amyloid A, haptoglobin, and fibrinogen in pigs) or decreased (negative APP; albumin,
apolipoprotein A1, and transthyretin in pigs) concentrations in blood following an immune
6

challenge (Petersen et al., 2004). Acute phase protein synthesis is induced mainly by IL-6
(Heinrich et al., 1990). However, IL-1 and TNF-α, together with glucocorticoids, are required to
support the synthesis of APP, in part by increasing AA uptake by the liver (Hasselgren et al.,
1988b). Amino acid uptake by the liver is substantially higher in humans (Fong et al., 1994) and
pigs (Bruins et al., 2003) after an LPS challenge, and in rats administered glucocorticoids
(Warner et al., 1987).
The liver constitutes a substantial component of whole-body protein turnover, ranging
from 15% to 25%, despite its relatively small contribution to whole-body protein mass (Breuille
et al., 1998). In healthy animals, the liver already has a rapid protein turnover rate, synthesizing
daily an amount of protein equal to its own protein mass, and during ISS, there is a further
increase in hepatic protein synthesis (Le Floc’h et al., 2004). The increase in hepatic protein
synthesis during ISS largely reflects the increased production of APP (Sax et al., 1988; Von
Allmen et al., 1990), which is paralleled by plasma APP concentrations (Litvak et al., 2013).
Hepatic APP synthesis represents a substantial demand for AA that would otherwise be used for
lean growth (Le Floc’h et al., 2004). Assuming that muscle protein is the only source of AA,
twice as much muscle protein is degraded for every gram of APP synthesized, based on the need
for first limiting AA for APP synthesis relative to the AA profile of muscle protein (Reeds et al.,
1994). All AA mobilized from muscle protein and supplied in excess of requirements wholebody protein deposition, which includes the elevated requirements for APP synthesis during ISS,
are catabolised, with N excreted in the urine. The estimated increase in AA requirements and
change in the optimal dietary AA profile in response to APP synthesis during the activation of
the immune system have not been quantified, but Trp may become limiting, whereas Lys may
become excessive (Kampman-van de Hoek et al., 2015).

7

Moreover, the changes in APP

concentrations over time following the activation of the immune system imply that AA
requirements during ISS are also not constant.
The proportion of liver protein synthesis that is plasma protein is about 40% in healthy
rats and increases by about 20% in septic rats (Vary and Kimball, 1992), suggesting a
preferential increase in the synthesis of secreted over structural proteins. Breuille et al. (1994)
demonstrated that hepatic protein synthesis accounted for a third of whole-body protein synthesis
in septic rats, whereas it accounted for only half that amount in pair-fed controls. Similarly,
there is a prolonged increase in hepatic protein synthesis in rats with sepsis caused by an
Escherichia coli challenge (Breuille et al., 1998) or by cecal ligation and puncture (O’Leary et
al., 2001).

Conversely, rats administered LPS exhibit increased hepatic protein synthesis,

peaking at 24 h post-challenge and then declining to normal by 72 h post-challenge (Jepson et
al., 1986); these discrepancies in hepatic protein synthesis are likely due to the differences
between experimentally-induced sepsis and endotoxin administration (Holocek et al., 1997). For
example, the increase in liver protein synthesis during acute endotoxemia ranges between 25 and
40% (Jepson et al., 1986; Orellana et al., 2004; Orellana et al., 2007), whereas it can increase up
to 100% and remain elevated throughout prolonged periods of sepsis (Vary and Kimball, 1992;
Breuille et al., 1998). In pigs, hepatic protein synthesis (Orellana et al., 2002; Orellana et al.,
2007) and AA utilization by the liver for protein synthesis or gluconeogenesis (Bruins et al.,
2003) are elevated, but plasma protein synthesis was not determined. Litvak et al. (2013)
reported that hepatic protein synthesis was not changed in growing pigs administered LPS,
despite an elevation in plasma protein synthesis. This is in agreement with Holocek et al. (1997)
who demonstrated that, in the short-term, rats administered LPS or TNF-α demonstrate relatively
larger increases in plasma protein than hepatic protein synthesis. In humans, the splanchnic
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organs appear to be an important site for AA utilization during endotoxemia, but the exact
contributions of the liver and portal-vein drained visceral organs (PDV) remains to be
established, since insertion of portal vein catheters in humans is unsafe (Fong et al., 1994). In
general, paired estimates of hepatic and plasma protein synthesis in pigs and other species are
limited and further research in this area is warranted.

2.3.2. Gastrointestinal tract
Similar to the liver, the basal protein turnover rate in the gastrointestinal tract (GIT), the
largest immune organ in an animal, is high and contributes substantially to whole-body protein
turnover (McNurlan and Garlick, 1980). Any changes in protein metabolism in this tissue during
ISS affect whole-body protein economy. Indeed, the GIT is sensitive to various inflammatory
stimuli and can respond in the same way as other tissues by contributing to the acute phase
response and modifying its protein turnover rate (Meyer et al., 1995). Septic rats have been
reported to have increased protein synthesis in the duodenum (Higashiguchi et al., 1994),
jejunum (Yoshida et al., 1992; Higashiguchi et al., 1994), and ileum (Yoshida et al., 1992;
Higashiguchi et al., 1994). Protein synthesis in the whole intestine is similarly elevated during
sepsis in rats, induced by cecal ligation and puncture (Breuille et al., 1998) or by intravenous
injection of live E. coli bacteria (Faure et al., 2007). Alterations in GIT protein turnover may
also depend on the ISS model employed. In septic rats, protein synthesis increased in the
jejunum and ileum mucosa, whereas in rats administered pro-inflammatory cytokines, protein
synthesis increased in the jejunum, but not in the ileum (Von Allmen et al., 1992). Interleukin-6
has also been shown to increase protein synthesis in the jejunum (Wang et al., 1997). In these
instances, however, the authors did not consider the contribution of resident immune cells to
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intestinal protein turnover. Moreover, enterocyte protein secretion and mucin production might
also play a role in the increases in GIT protein turnover during ISS (Faure et al., 2007).
Estimates of ISS-induced changes in GIT protein turnover are inconsistent in the
literature and vary across the length of the GIT. For example, the fractional synthesis rate, but
not absolute synthesis rate, of the whole intestine was elevated by 14% in septic rats (Breuille et
al., 1994). In contrast, Mercier et al. (2002) found that the absolute protein synthesis rate in the
whole intestine increased by 10% in rats challenged with dextran sodium sulfate, but this was
largely due to increases in the ileum and colon rather than the duodenum and jejunum. In
neonatal pigs, jejunal protein synthesis may increase during LPS infusion, but has elsewhere
been reported to either not change (Orellana et al., 2007), or even decrease (Cooney et al., 1996;
Holocek et al., 1997), using similar experimental models. In pigs infused with LPS, there is a net
release of gluconeogenic AA from the PDV, consistent with the acute phase response (Bruins et
al., 2003). However, there was no difference in Phe flux across the PDV, suggesting net protein
balance was not affected.

2.3.3. Skeletal muscle
Modifications of skeletal muscle protein turnover during atrophic conditions are
multifactorial and perhaps the most extensively studied among body tissues. Skeletal muscle is
sensitive to a range of inflammatory insults and, in general, responds to pro-inflammatory
cytokines and glucocorticoids by reducing AA uptake and reducing protein synthesis while
stimulating protein degradation (Jepson et al., 1986; Frost et al., 2002).
The supply of AA to skeletal muscle is an essential component of the control of muscle
protein turnover. Reduced transport of AA into the muscle not only limits protein synthesis but
also facilitates diverting AA to visceral issues during the acute phase response. In general, ISS
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leads to both a reduction in skeletal muscle AA uptake (Karlstad and Sayeed, 1986; Hasselgren
et al., 1988b; Garcia-Martínez et al., 1993) and an increase in hepatic AA uptake in rats
(Hasselgren et al., 1988b; Bruins et al., 2003). In pigs infused with LPS, the hindquarter,
accounting for about 50% of whole-body muscle mass, showed increased efflux of total AA,
largely non-essential AA (NEAA; Bruins et al., 2003). Taking into consideration the increased
hepatic influx of these same AA, these results strongly suggest that the lower AA balance across
the hindquarter is a consequence of a relative increase in protein degradation rather than a
decrease in protein synthesis.
In septic rats, rates of skeletal muscle protein synthesis are up to 50% lower compared to
pair-fed rats (Vary et al., 1988; Vary and Kimball, 1992; Breuille et al., 1994). This decline is
associated with a reduction in the contribution of muscle protein synthesis to whole-body protein
synthesis. In humans, surgery and trauma have also been reported to decrease muscle protein
synthesis (Essen et al., 1992; Mansoor et al., 1997). Mild reductions in muscle protein synthesis,
on the other hand, are characteristic in neonatal pigs and rats after LPS administration (Orellana
et al., 2002; Orellana et al., 2004; Lang and Frost, 2005). Despite only a short-term decrease in
skeletal muscle protein synthesis in septic rats, muscle protein degradation, estimated from the
difference between muscle protein growth and synthesis rates, was consistently elevated
(Breuille et al., 1998). Given the importance of skeletal muscle protein degradation to the
overall acute phase response, the mechanisms that regulate this process should be considered. In
general, skeletal muscle protein degradation is increased during sepsis (Hasselgren et al., 1989;
Hall-Angeras et al., 1990; Hall-Angeras et al., 1991; Tiao et al., 1994; Tiao et al., 1997; Holecek
et al., 2014) or endotoxemia (Goodman, 1991; Zamir et al., 1991), whereas the effects of IL-1,
IL-6, TNF-α, and glucocorticoids alone are inconsistent (Hall-Angeras et al., 1990; Goodman,
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1991; Garcia-Martínez et al., 1993; Goodman, 1994; Bowes et al., 1996; Tiao et al., 1996).
Nonetheless, these cytokines are important mediators of muscle protein degradation and likely
induce a catabolic response through their interactions with one another (Zoico and Roubenoff,
2002). It should be noted that many of these estimates are derived from AA or 3-methylhistidine
(3-MH) release from skeletal muscle ex vivo, which may overestimate true rates of muscle
protein degradation (Hall-Angeras et al., 1991).
Skeletal muscle protein synthesis and degradation during ISS also appears to be affected
by muscle fiber type. Muscles with a mixed- and fast-twitch composition seem to be more
susceptible to changes in protein synthesis (Vary and Kimball, 1992). Protein synthesis in slowtwitch muscle fibers, however, does not appear to be affected by ISS. Similarly, slow-twitch
muscle fibers appear less sensitive to inflammatory stimuli, whereas mixed- and fast-twitch
fibers respond by increasing the rate of protein degradation (Hall-Angeras et al., 1991; Tiao et
al., 1997; Holecek et al., 2014).

2.4. Branched-chain amino acid metabolism
The BCAA, Leu, Ile, and Val, together account for over 40% of the EAA requirement in
growing pigs (NRC, 2012). The large requirement for BCAA is reflected in their abundance in
whole-body protein, particularly in skeletal muscle, where they account for over 30% of its EAA
content (Mahan and Shields, 1998). The BCAA among EAA are also unique in two key
respects: 1. BCAA are metabolized extensively by peripheral tissues rather than the liver and 2.
BCAA regulate protein turnover by mechanisms other than their role as precursors for protein
synthesis.
The BCAA are the only EAA that share common enzymes for the first two catabolic
steps, reversible transamination by branched-chain aminotransferase (BCAT) and subsequent
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irreversible oxidative decarboxylation by branched-chain α-keto-acid dehydrogenase (BCKDH;
Figure 2.2). There are two BCAT isoenzymes, one located in the mitochondria (BCATm) and
the other in the cytosol (BCATc); BCATm is widely distributed and is primarily responsible for
initiating BCAA catabolism, whereas BCATc is largely restricted to the brain and is thought to
be involved in the replacement of Glu neurotransmitters through an anaplerotic mechanism
(Hutson et al., 2001). The BCKDH complex consists of three catalytic components, the E1
subunit (branched-chain α-keto acid decarboyxlase; heterotetramer of α- and β-subunits;), E2
(dihydrolipoamide acyltransferase), and E3 (dihydrolipoamide dehydrogenase) subunits. The
activity of BCKDH, the rate-limiting step of BCAA catabolism, is regulated by phosphorylation
and desphosphorylation by BCKDH kinase (BCKDH-K) and BCKDH phosphatase (BCKDHP), respectively. BCKDH-K is responsible for inactivation of BCKDH by phosphorylation of
the E1α subunit, whereas dephosphorylation of E1α by BCKDH-P leads to reactivation of the
complex (Shimomura et al., 2001). Only BCKDH-K bound to the BCKDH complex appears to
be active and, therefore, responsible for its phosphorylation and inactivation.

Among the

branched-chain keto acids (BCKA), α-keto-isocaproic acid, derived from Leu deamination, is
the most potent physiological inhibitor of BCKDH-K and promotes the release of the kinase
from the BCKDH complex (Shimomura et al., 2001). This regulatory mechanism is an effective
way to increase BCAA disposal when they are in excess and to conserve BCAA when they are
less available, and also explains the phenomenon where the provision of excess Leu results in
lower levels of Ile and Val in circulation. Organ specificity for BCAA catabolism is due to the
difference in tissue activity of these enzymes; skeletal muscle has high and low activities of
BCAT and BCKDH, respectively, whereas the opposite distribution of these enzymes is
maintained in the liver (Suryawan et al., 1998; Wiltafsky et al., 2010).
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Based on the above considerations, BCAA, and Leu in particular, are excellent
candidates as direct-acting nutrient signals to regulate tissue protein turnover. Given the minimal
level of BCATm expression in the liver, BCAA largely escape first-pass splanchnic catabolism
and appear directly in the systemic circulation (Matthews et al., 1993). The relative absence of
hepatic BCATm facilitates the substantial postprandial increase in circulating BCAA, which may
signal to peripheral tissues overall AA availability. It should be noted that BCAA induce the
secretion of anabolic hormones, such as insulin (van Loon et al., 2000; Zhou et al., 2010), which
has been shown to regulate skeletal muscle protein synthesis and degradation (e.g., Biolo et al.,
1995; Tischler et al., 1997). However, BCAA are unlikely to fully mediate protein turnover in
this manner because BCAA are able to stimulate protein synthesis when insulin levels are
maintained (Watt et al., 1992; Anthony et al., 2002; Escobar et al., 2010). Instead, BCAA may
increase the sensitivity of responsive tissues to insulin in order to activate protein synthesis or
suppress protein degradation (Garlick and Grant, 1988; Zanetti et al., 1999). Finally, BCAA
catabolism per se does not appear to regulate protein turnover, since larger increases in
circulating Leu are needed to modify the phosphorylation state of BCKDH than to maximally
stimulate protein synthesis (Lynch et al., 2003).
Under pathological conditions, BCAA may modulate the inflammatory response through
the production of Ala and Gln (Figure 2.3). Alanine and Gln are important AA for supporting
the immune response, acting as substrates for gluconeogenesis in the liver and for energy
production in cells of the immune system, such as neutrophils, macrophages, and lymphocytes
(Oehler and Roth, 2003). Among body tissues, skeletal muscle is the largest contributor to Ala
and Gln synthesis, and the rate of release for these AA is increased markedly during ISS (ParryBillings et al., 1989; Salleh et al., 1991; Holocek, 2002). Branched-chain AA are essential N
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donors for Ala and Gln synthesis; the amino group from BCAA is incorporated into α-ketoglutarate (α-KG), producing Glu and the respective BCKA through BCAT. Glutamate can be
further metabolized by Gln synthetase (GS), producing Gln through ATP-dependent
incorporation of NH4+, or by Glu-pyruvate transaminase, producing Ala and α-KG (Figure 2.2).
Both GS activity and Gln release is greater in rats administered LPS with no corresponding
change in glutaminase activity (Austgen et al., 1992). In hepatic tissue of rats administered LPS
or TNF- α, there is a substantial decrease in BCKDH activity and a concurrent increase in BCAT
activity (Holocek et al., 1997; Holocek et al., 1998), suggesting that the increased capacity of the
liver to reaminate BCKA to BCAA facilitates BCAA cycling back to skeletal muscle for the
synthesis of Ala and Gln. In addition to supplying N for Gln production, Gln synthesis is
increased to a greater extent by Leu than any other EAA (Ruderman and Berger, 1974), and
BCKA derived from Ile and Val are major carbon sources for Gln synthesis (Chang and
Goldberg, 1978), in skeletal muscle. Moreover, the contribution of Leu carbon for Gln synthesis
is increased during ISS, likely due to insulin resistance which inhibits skeletal muscle uptake of
preferred carbon precursors, such as glucose, from circulation (Yoshida et al., 1991). The
anabolic properties of BCAA have been studied extensively over the last several decades and the
potential therapeutic applications of BCAA in health and disease are of great interest.

2.5. Regulation of skeletal muscle protein synthesis and degradation
Protein synthesis and degradation are highly regulated processes in the animal to ensure
efficient utilization of dietary energy and AA. The individual cell has a central role in the
control of protein synthesis and degradation and therefore must be able to respond rapidly and
appropriately to changes in energy, protein, and hormonal status. The regulation of translation
initiation and elongation, in addition to the expression and activity of enzymes involved in
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protein degradation and AA catabolism, have substantial impacts on the overall rate of protein
deposition at the cellular, tissue, and whole-body level.

2.5.1. The mammalian target of rapamycin signalling pathway
Cellular growth is dependent on the capacity to respond to endogenous and
environmental signals. These signals, which include growth factors, cytokines, hypoxia, and
energy and AA availability, are integrated through mammalian target of rapamycin (mTOR), a
serine-threonine protein kinase that regulates cap-dependent translation initiation, the rate
limiting step of the translation of mRNA into protein, and peptide-chain elongation (Wang and
Proud, 2006). The mTOR protein is contained within a complex known as mTOR complex 1
(mTORC1) that consists of a number of regulatory proteins that modulate mTOR kinase
activity. Some mTORC1-activating stimuli, such as growth factors and energy status, signal
through the tuberous sclerosis complex (TSC) heterodimer located immediately upstream of Ras
homolog enriched in brain (Rheb) protein, a small GTPase and potent activator of mTORC1
(Long et al., 2005). TSC1-TSC2 is a GTPase-activating protein (GAP) that facilitates the
conversion of active GTP-bound Rheb to inactive GDP-bound Rheb by enhancing the intrinsic
GTPase activity of Rheb (Tee et al., 2003). The association of TSC1 and TSC2 is necessary for
the full GAP activity of TSC2. Therefore, inhibition of TSC activity by growth factors and
energy sufficiency promote Rheb stimulation and mTORC1 activity. Unlike growth factors,
however, AA do not signal through TSC-Rheb (Long et al., 2005).
When energy and AA are in sufficient supply, mTORC1 mediates the downstream
activation on translation initiation factors and ribosomal kinases. A key step in translation
initiation is the recruitment of the 40S ribosomal subunit, which requires the assembly of the
eukaryotic initiation factor (eIF)-4F complex, to capped mRNA. The eIF4F complex contains
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three initiation factors, eIF4E, eIF4G, and eIF4A, and its formation depends on eIF4E binding to
the capped mRNA, which facilitates the recruitment of the other two initiation factors. The
inhibitory activity of eukaryotic initiation factor 4E binding protein 1 (4E-BP1), however,
prevents the association of eIF4E and eIF4G. The mTORC1-mediated phosphorylation of 4EBP1 leads to the disassociation of 4E-BP1 and eIF4E, allowing the formation of the complete
eIF4F complex (Ma and Blenis, 2009). The eIF4F complex exhibits RNA helicase activity
through eIF4A and is required for efficient recognition of the start codon by the 40S ribosomal
subunit. The helicase activity of eIF4A is enhanced when it is associated with eIF4B. The
association between eIF4A and eIF4B is facilitated by ribosomal protein S6 kinase 1 (S6K1)mediated phosphorylation of eIF4B (Ma and Blenis, 2009). An additional target of S6K1 is the
phosphorylation and inactivation of eukaryotic elongation factor (eEF)-2 kinase (Wang et al.,
2001). This promotes the activity of eEF-2, facilitating the translocation of the ribosome across
the mRNA during peptide-chain elongation.

2.5.2. Amino acid regulation of mTORC1 signalling
Although a great deal of progress has been made recently in delineating how AA
sufficiency or limitation modulates mTORC1 activity, the exact mechanisms of AA sensing
remain unclear. Moreover, multiple AAs have been implicated in regulating mTORC1 activity
including Leu, Gln, and Arg (Bar-Peled and Sabatini, 2014).
The activation of mTORC1 requires two regulated steps: 1. Translocation of mTORC1 to
the surface of the lysosome where Rheb resides, and 2. Activation of mTORC1 by Rheb. When
cells are deprived of AA, mTORC1 is dispersed throughout the cytoplasm, but rapidly localizes
to the lysosome after the addition of AA (Bar-Peled and Sabatini, 2014). The translocation of
the inactive mTORC1 to the lysosome is dependent on the GTP loading state of the Rag proteins.
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Rag proteins consist of Rag A, B, C, and D and function as heterodimers of Rag A/B and Rag
C/D. Briefly, Rag binding to Raptor, a component of mTORC1, is strongly dependent on GTPbound Rag A/B and GDP-bound Rag C/D (Sancak et al., 2008). The expression of active mutant
Rag BGTP/Rag DGDP is able to activate mTORC1 despite Leu or AA deprivation, whereas the
expression of inactive mutant Rag BGDP/Rag CGTP ablated mTORC1 activity regardless of AA
levels (Sancak et al., 2008). When either wildtype Rag B or active mutant Rag B GTP was
expressed alone, mTORC1 activation was insensitive to Leu withdrawal but was reduced during
total AA deprivation, which suggests that other AA may modulate mTORC1 activity through
Rag proteins. The “Ragulator” protein complex, which interacts with Rag proteins and tethers
them to the lysosome, has also been identified as an essential component of mTORC1 activation
in response to AA and growth factors (Sancak et al., 2010; Bar-Peled et al., 2012). Ragulator
also functions as a guanine nucleotide exchange factor (GEF) for Rag proteins, binding
preferentially to GDP-bound Rag A/B to facilitate the exchange of GDP with GTP and the
translocation of mTORC1 to the lysosome (Bar-Peled et al., 2012). Moreover, the strength of
the Rag-Ragulator interaction is dependent on AA, where Leu sufficiency reduces Rag binding
affinity for Ragulator whereas Leu deficiency increases the Rag-Ragulator interaction.
More than two decades ago, Dever et al. (1992) reported that general control
nonderepressible 2 (GCN2) inhibits protein synthesis in yeast in response to His limitation, and
Wek et al. (1995) later expanded this inhibition to include several additional AA. GCN2
contains a region homologous to histidyl-tRNA synthetase which is located adjacent to the
catalytic kinase domain (Wek et al., 1989). The synthetase-related sequence binds to uncharged
tRNA, which accumulates during AA starvation and subsequently stimulates GCN2 kinase
activity. GCN2-mediated inhibition of protein synthesis is targeted toward the formation of the
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translation initiation complex, but is independent of mTORC1. However, the idea that the tRNA
is recognized by synthetase-related sequences suggests the possibility that Leu sufficiency or
insufficiency is recognized in a similar manner. More recently, Han et al. (2012) identified that
leucyl-tRNA synthetase (LRS) is essential for AA-induced mTORC1 activation. Briefly, LRS
directly binds to GTP-bound Rag D in a Leu-dependent manner and acts as a GAP toward Rag
D. This facilitates the hydrolysis of GTP to GDP on Rag D which is required for lysosomal
recruitment and activation of mTORC1. On the other hand, there is some evidence to suggest
that mTORC1 localization to the lysosome may not be required for its activation by Leu
(Averous et al., 2014), which indicates that Leu provides an additional and distinct input from
other AA.
The GATOR protein complex has additionally been identified to regulate mTORC1
signalling. This protein complex is further subdivided into two separate complexes, GATOR1,
which has GAP activity toward Rag A/B, and GATOR2, which is a negative regulator of
GATOR1 (Bar-Peled et al., 2013). Disruption of GATOR1 leaves mTORC1 insensitive to AA
deprivation whereas disruption of GATOR2 promotes the GAP activity of GATOR1 toward Rag
A/B, which ablates mTORC1 signalling (Shaw, 2013). Sestrin proteins have been recently
reported to inhibit mTORC1 activation through their interaction with GATOR2 (Parmigiani et
al., 2014). Leucine appears to be able to bind directly to Sestrin2, which disrupts the Sestrin2GATOR2 interaction and promotes mTORC1 signalling (Wolfson et al., 2015). This suggests
that accessory proteins, rather than mTORC1 directly, are able to sense AA in order to regulate
Rag proteins and mTORC1 activity.
Cellular AA concentration is dependent on their appearance from cellular protein
degradation, their plasma concentration, and their ability to enter the cell through AA
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transporters. Leucine transport into cells is therefore an essential step in Leu-induced mTORC1
activation, which is located upstream of any mechanism previously discussed. The transport
system that imports Leu is a heterodimeric system L AA transporter, solute carrier (SLC)-7A5SLC3A2 (Fuchs and Bode, 2005). SLC7A5-SLC3A2 is an antiport system that imports BCAA,
including Leu, while exporting Gln. The inhibition of SLC7A5-SLC3A2 ablates mTORC1
activation by Leu or AA (Nicklin et al., 2009). In some circumstances, inhibition of SLC1A5
and SLC38A2, which are sodium-dependent transporters for small neutral AA, depletes
intracellular Gln concentration and may prevent mTORC1 signalling since SLC7A5 requires
intracellular Gln in order to transport Leu into the cell (Baird et al., 2009; Nicklin et al., 2009).
Since the AA-dependent recruitment of mTORC1 to the lysosome is associated with AA
accumulation within the lysosome, it is likely that AA transporters on the lysosomal membrane
may also play a role in AA sensing. Vacuolar-type H+-ATPase (v-ATPase) is a lysosomal
transmembrane protein that is a component of the Rag-Ragulator complex (Zoncu et al., 2011).
The proton gradient that v-ATPase generates across the lysosomal membrane upon AA
stimulation mediates H+-dependent efflux of AA from the lysosomal lumen through solute
SLC36A1 (Ogmundsdottir et al., 2012). Increased AA efflux from the lysosome is associated
with a weaker interaction between v-ATPase and Ragulator, which may enhance GEF activity of
Ragulator toward Rag proteins and mTORC1 activation.

Recently, SLC38A9 has been

identified as a strong candidate for a lysosome-based Arg sensor for mTORC1 activation (Wang
et al., 2015). SLC38A9 interacts with Rag-Ragulator and has high affinity for Arg. The loss of
SLC38A9 slows down Arg transport from the lysosome and decreases mTORC1 activation.
This suggests that AA are sensed in an “inside-out” mechanism, and that v-ATPase and
SLC36A1, and SLC38A9, act in parallel to communicate AA status to Rag-Ragulator (Taylor,
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2014). However, it is unclear what drives AA transport into the lysosome in the first place and
whether this is also affected by intracellular AA concentrations.
Glutamine also appears to be able to regulate mTORC1 activity independently of its role
in Leu transport (Krause et al., 2002; Chiu et al., 2012). In particular, glutaminolysis may have a
critical role in mTORC1 regulation (Duran et al., 2012).

During glutaminolysis, Gln is

deaminated to α-KG in a two step process catalysed by glutaminase and Glu dehydrogenase
(GDH), the latter of which is positively regulated by Leu (Li et al., 2012). Glutaminolysis is
associated with mTORC1 recruitment to the lysosome and subsequent activation and is essential
for GTP loading of Rag B. Moreover, inhibition of glutaminolysis by silencing glutaminase and
GDH prevents the increase in GTP loading of Rag B after Leu and Gln stimulation (Duran et al.,
2012). Despite the increase in the intracellular level of α-KG, there was no change in AMPactivated protein kinase (AMPK) phosphorylation (Duran et al., 2012), which communicates
cellular energy status to mTORC1. This suggests that glutaminolysis did not affect signalling to
mTORC1 through AMPK but rather that mTORC1 activation was mediated by α-KG itself.
Since the rate of glutaminolysis is correlated with intracellular Leu and Gln levels, this process is
able to “sense” when these AA are in excess and vice versa, but the exact mechanism by which
α-KG enhances GTP loading of Rag B remains unclear. There is some evidence that implicates
prolyl hydroxylase (PHD), an enzyme that requires α-KG as an electron donor for prolyl
hydroxylation (Schofield and Ratcliffe, 2004). Depletion of α-KG in response to AA starvation
is correlated with a reduction in both PHD and mTORC1 activity (Duran et al., 2013).
Moreover, inhibition of PHD expression prevents mTORC1 activation in response to AA
stimulation. These results suggest that α-KG plays a unique role as a broad sensor of AA
availability because it is so closely linked to AA metabolism.
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Phospholipase D1 (PLD1) and its product phosphatidic acid are potent activators of
Rheb, binding Rheb directly and relaying cellular growth factor and energy status to mTORC1
(Sun et al., 2008). The activation and translocation of PLD1 to the lysosome where Rheb resides
requires the vacuolar protein sorting 34 (Vps34), a nutrient-regulated lipid kinase that is
activated following an increase in intracellular Ca2+ upon AA stimulation (Gulati et al., 2008;
Yoon et al., 2011). The deletion of Vps34 does not affect mTORC1 translocation to the
lysosome, and disruption of any Ragulator component does not affect PLD1 activation or
translocation, which suggests that PLD1 acts parallel to Rag-Ragulator activation of mTORC1
(Yoon et al., 2011).
Amino acids are key regulators of tissue protein synthesis, acting as both substrates for
protein synthesis and as signals to enhance translation initiation through the mTORC1 signalling
pathway (Anthony et al., 2000; Suryawan et al., 2008). It appears that the main purpose of the
AA signal is to assemble mTORC1 and its activator Rheb on the lysosomal surface (Figure 2.4).
The identification of the Rag GTPases and Ragulator has greatly improved our understanding of
how AA regulate mTORC1 and underlines the importance of the lysosome as a platform for
mTORC1 to integrate both AA and other upstream signals that converge on Rheb. Additional
proteins and processes implicated in AA signalling suggest that no single mechanism is
exclusive and that they function in parallel to communicate AA availability to mTORC1.
Despite the large body of evidence that indicates the primacy of Leu in signalling to mTORC1,
only LRS and Sestrin2 have been shown to date to be Leu-specific and to interact directly with
Rag-Ragulator on the lysosome.
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2.5.3. Lysosomal- and ubiquitin proteasome-dependent protein degradation
Skeletal muscle contains at least three different pathways through which proteins may be
degraded (e.g. lysosomal, calpain-dependent, and ubiquitin (Ub)-proteasome-dependent). In
experimental models of sepsis, there are a number of defining characteristics of muscle atrophy:
1. Increased Ub gene and protein expression; 2. Increased ubiquitin protein ligase (UbPL) gene
and protein expression; 3. Increased proteasome subunit gene and protein expression; 4.
Increased Ub conjugation to muscle proteins; and 5. Increased ATP-dependent proteolysis and
loss of muscle mass. Generally, the autophagic-lysosomal pathway is responsible for the bulk of
tissue protein degradation whereas the Ub-proteasome pathway has a significant role in the
degradation of specific tissue proteins. Since myofibrillar proteins in particular seem to be
susceptible to degradation during ISS (Hasselgren et al., 1989), it is reasonable to hypothesize
that the Ub-proteasome pathway is the key mediator of skeletal muscle proteolysis in these
instances (Tiao et al., 1994; Auclair et al., 1997). In Ub-proteasome pathway, Ub is conjugated
to proteins in order to mark them for degradation. The tagged proteins are then recognized and
subsequently degraded by the proteasome (Lecker et al., 2006). The key enzymes in this process
are E3 UbPLs that facilitate the transfer of Ub to the protein substrate in a highly regulated and
specific manner. Bodine et al. (2001) first reported that the expression of the UbPLs, atrogin-1
and muscle ring finger protein 1 (MuRF1), were substantially increased in rat skeletal muscle
during conditions associated with significant loss of muscle mass (i.e. immobilization). This
paradigm was later expanded to include multiple types of atrophic stimuli including nutrient
deprivation, administration of catabolic hormones, and sepsis (Lecker et al., 2004).

The

expression of atrogin-1 and MuRF1 are exclusive to cardiac and skeletal muscle and is upregulated in septic rats (Tiao et al., 1994; Wray et al., 2003; Frost et al., 2007) or those
administered LPS (Dehoux et al., 2003; Frost et al., 2007).
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Although the literature clearly supports a major role of the Ub-proteasome pathway in
skeletal muscle, the activation of autophagic-lysosomal and calpain-dependent pathways may
also contribute to muscle protein degradation during sepsis. For example, the conversion of
microtubule-associated protein 1A/1B-light chain 3 (LC3) from LC3-1 to LC3-2, which is an
indicator of autophagy, has been demonstrated in rats with dexamethasone- and LPS-induced
muscle atrophy (Yamamoto et al., 2010; Doyle et al., 2011). In the case of myofibrillar proteins,
which are tightly associated with the proteasome (Bassaglia et al., 2005), the rate-limiting step of
their degradation is calpain-mediated dissociation from the intact myofibril, which must occur
before they can be tagged with ubiquitin and degraded by the proteasome (Smith et al., 2008).
Moreover, the inhibition of calpain-dependent proteolysis prevents muscle protein degradation in
septic rats independently of atrogin-1 and MuRF1 expression (Fareed et al., 2006). During longlasting sepsis or endotoxemia, there appears to be concurrent activation of autophagic-lysosomaland Ub-proteasome-mediated proteolysis (Voisin et al., 1996; Doyle et al., 2011). However, the
Ub-proteasome still contributes to the bulk of the increase in muscle protein degradation (Voisin
et al., 1996).
Skeletal muscle protein degradation is regulated mainly by the FoxO transcription factor
family (Sandri et al., 2004; Mammucari et al., 2007). The expression of atrogin-1 and MuRF1,
as well as many autophagy-related genes, is controlled and coordinated by the transcription
factor FoxO3 (Zhao et al., 2007). Through the activation of the PI3K-Akt pathway by insulin or
insulin-like growth factor (IGF-1), FoxO3 is phosphorylated and prevented from entering the
nucleus and facilitating atrogene expression. Since Akt is upstream of mTORC1, it is reasonable
to hypothesize that some of the beneficial effects of Leu on muscle proteolysis are independent
of mTORC1.

However, mTOR complex 2 (mTORC2) has been reported to be essential
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component for full activation of the Akt-FoxO pathway (Guertin et al., 2006; Mammucari et al.,
2008).

This suggests that Leu may regulate muscle proteolysis via mTORC2, but further

research on the exact mechanisms is warranted.

2.5.4. Leucine and skeletal muscle protein synthesis and degradation
In the 1970s, a number of research groups were investigating the factors that control
protein turnover in tissues. These studies showed that high levels of AA increased protein
synthesis and inhibited protein degradation, most notably in skeletal muscle (Buse and Reid,
1975; Fulks et al., 1975; Li and Jefferson, 1978). Among the BCAA, Leu in particular was
identified as unique in its capacity to affect muscle protein turnover (Buse and Reid, 1975).
Since then, many studies have been carried out that have generally reported a positive effect of
Leu on muscle protein turnover. Several early studies established the importance of Leumediated signalling to mTORC1 to stimulate translation initiation and muscle protein synthesis
(Anthony et al., 2000a; Anthony et al., 2000b; Anthony et al., 2001). Subsequent studies in rats
have demonstrated that administration of Leu, either alone (Crozier et al., 2005), contained
within a Leu-rich protein (Rieu et al. 2007), or as part of a complete meal (Dardevet et al., 2002),
effectively stimulate muscle protein synthesis. However, the Leu content of a complete meal
affects only the peak activation of skeletal muscle protein synthesis, but not the duration (Norton
et al., 2009). In neonatal pigs, Leu is able to stimulate protein synthesis in skeletal muscle
(Suryawan et al., 2008) and most visceral tissues (Torrazza et al., 2010). It is notable that many
studies consider only the effect of Leu on fractional rates of muscle protein synthesis and
otherwise ignore net protein retention in the muscle itself or on a whole-body level. Pulsatile
administration of Leu during continuous enteral feeding in the neonatal pig improves muscle
growth in both the short- and long-term (Boutry et al., 2013; Boutry et al., 2016). In pigs fed a
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protein-restricted diet, dietary Leu supplementation has some capacity to increase body weight
gain and muscle growth (Columbus et al., 2015). When both protein and energy intakes are
restricted, however, dietary Leu supplementation does not improve body weight gain, despite
increased activation of key mTORC1 and downstream signalling proteins (Manjarín et al., 2015).
Although numerous studies in animal models have shown positive effects of Leu
administration on muscle protein synthesis, Leu does not appear to have identical effects in
humans. In men infused with BCAA, endogenous Phe release from the forearm is suppressed
(Louard et al., 1990). Since Phe is neither synthesized nor catabolised in skeletal muscle, the
lower rate of Phe release from the forearm suggests either a decrease in muscle protein
degradation or an increase in muscle protein synthesis. In the same study, Louard et al. (1990)
also showed that forearm Leu uptake was increased during BCAA infusion. This could reflect
Leu incorporation into muscle protein, Leu accumulation in the free tissue pool, or Leu
catabolism. Any stimulation of muscle protein synthesis should be accompanied by an increase
in the utilization of other EAA. However, forearm Phe uptake was not affected by BCAA
infusion, indicating that muscle protein synthesis was not increased. This is consistent with Nair
et al. (1992) and Louard et al. (1995) who demonstrated that both Leu and BCAA infusions,
respectively, suppress muscle and whole-body protein degradation without a corresponding
increase in muscle protein synthesis. Together, these findings imply that BCAA and Leu may
reduce skeletal muscle and whole-body protein degradation without affecting protein synthesis in
humans. In these studies, body protein gain was observed to increase despite no additional
provision of dietary AA. This may be possible only in short-term studies where protein gain
may be supported from free AA in the body (Zanetti et al., 1999); during prolonged studies, the
free AA pool will be depleted within an hour (Wilson et al., 2010). Given the insufficient supply
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of AA for PD, any increase in body protein anabolism therefore must result from a reduction in
whole-body protein degradation.
Similar to its regulatory role in protein synthesis, Leu appears to modulate protein
degradation as well. Protein feeding, as well as feeding Leu alone, rapidly reduces the plasma
concentration of 3-MH, a specific marker of myofibrillar proteins, in starved rats (Nagasawa et
al., 2002). Moreover, long-term Leu supplementation is able to suppress the loss of muscle mass
attributed to feeding protein-deficient and protein-free diets to rats, independently of any change
in muscle protein synthesis (Sugawara et al., 2007; Sugawara et al., 2009). In these studies, the
lower rate of 3-MH release indicates that myofibrillar protein degradation was reduced, which
suggests the involvement of muscle-specific UbPL and their regulation by Leu. This is in
agreement with Baptista et al. (2010) who demonstrated that Leu supplementation attenuates
muscle atrophy by strongly inhibiting UbPL expression and decreasing muscle content of Ubprotein conjugates.

In neonatal pigs, Leu attenuated the LPS-induced increase in MuRF1

expression, but there was no effect on atrogin-1 expression (Hernandez-Garcia et al., 2015b).
Increased conversion of LC3-1 to LC3-2 is indicative that the autophagic-lysosomal system may
be subject to Leu regulation in muscle (Sugawara et al., 2009; Yamamoto et al, 2010;
Hernandez-Garcia et al., 2015b). Leucine may also have the capacity to inhibit muscle protein
degradation through unc-51 like autophagy activating kinase 1 (ULK1), a protein essential for
autophagy, which complexes with activated mTORC1 in a nutrient-dependent manner
(Hosokawa et al., 2009). In contrast, Frost et al. (2007) reported that the sepsis-induced increase
in UbPL expression was not suppressed by an oral gavage of Leu in rats, but muscle proteolysis
was not assessed directly.
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2.5.5. Regulation of skeletal muscle protein synthesis and degradation during immune
system stimulation
Immune system stimulation causes a generalized decrease in muscle protein synthesis
and overall lower rates of skeletal muscle protein accretion and body weight gain in growing
animals. While such short-term alterations in AA partitioning are beneficial, prolonged changes
are undesirable.

Immune system stimulation-induced changes in skeletal muscle protein

metabolism are multifactorial, resulting in both reductions in protein synthesis and increases in
protein degradation. The relative contribution of these processes to the overall response likely
varies with the type and severity of the inflammatory insult. However, the involvement of the
mTORC1 signalling pathway in the regulation of muscle protein metabolism is clear.
During ISS, there is a decline in circulating growth factors and a reduction in feed intake.
This leads to lower signalling to mTORC1 and subsequent hypophosphorylation of 4E-BP1 and
S6K1 and a reduction in protein synthesis (Vary et al., 1998). The lower level of growth factors
and IGF-1 is thought to be a consequence of pro-inflammatory cytokines; however, the same
cytokines may also have direct effects on the mTORC1 signalling pathway. The decreased rate
of skeletal muscle protein synthesis during ISS is associated with a decrease in eIF2B activity
(Vary et al., 2002) and in the formation of the active eIF4F complex (Lang et al., 2000). More
specifically, ISS decreases 4E-BP1 phosphorylation, which corresponds to an increased amount
of the inactive eIF4E-4E-BP1 complex and a reciprocal decrease in the active eIF4F complex.
Since translation initiation is largely regulated by the active eIF4F complex, sequestration of
eIF4E into the inactive complex is thought to prevent loading of mRNA onto the ribosome and
inhibit protein synthesis.

Immune system stimulation also reduces the extent of eIF4G

phosphorylation, which is associated with lower amounts of the active eIF4F complex (Lang et
al., 2000; Kimball et al., 2003). These responses are likely mediated by TNF-α (Lang and Frost,
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2007), but the ability of other pro-inflammatory cytokines, such as IL-1, to modulate translation
initiation should not be ignored (Vary et al., 2006). The effects of ISS on the activity of the
components required for translation initiation are in general similar in mice (e.g. Lang et al.,
2010), rats (e.g. Lang and Frost, 2004), and pigs (e.g. Orellana et al., 2004).
Amino acid availability represents an important nutritional signal involved in the
postprandial stimulation of muscle protein synthesis. Similar to growth factors, such as IGF-1
and insulin, AA, and Leu in particular, increase 4E-BP1 and S6K1 phosphorylation in an
mTORC1-dependent manner.

During ISS, however, the ability of Leu to increase protein

synthesis may be blunted (Hasselgren et al., 1988a).

Both sepsis and LPS administration

prevents the ability of Leu to increase 4E-BP1 and S6K1 phosphorylation and the formation of
the active eIF4F complex independent of any change in plasma Leu concentration (Lang and
Frost, 2004; Lang and Frost, 2005). In these studies, exogenous IGF-1 was able to partially
restore signalling through mTORC1, which suggests that ISS produces a Leu-specific resistance
in skeletal muscle that impairs the ability of this AA to increase protein synthesis. In contrast,
skeletal muscle sensitivity to Leu appears to recover during chronic periods of sepsis (Vary,
2007). However, the duration of the Leu-insensitive period in response to ISS is unclear but may
depend on the severity of the inflammatory insult.

Moreover, elevated plasma BCAA

concentrations in BCATm knockout mice appear to prevent the catabolic effect of LPS on
skeletal muscle protein (Lang et al., 2010). The increase in BCAA levels is the result of an
impaired ability to catabolise BCAA in peripheral tissues and is associated with increased
muscle protein synthesis, and increased amount of the active eIF4F complex, and lower proinflammatory cytokine expression. In septic mice, increased plasma BCAA levels resulted in
modest increases in lean body mass, muscle weight, and survival rates. Although this study

29

indicates that supraphysiological levels of BCAA may modulate skeletal muscle metabolism and
immunity, it is unlikely that these effects could be reproduced with dietary BCAA or Leu alone.

2.6. Conclusions and implications
Disease is a common occurrence in intensive swine production that impacts pig
performance and changes their dietary AA requirements. In these circumstances, pigs have
lower PD, which is largely a consequence of decreased skeletal muscle protein synthesis and
increased muscle protein degradation. Moreover, AA are preferentially used to support the acute
phase response at the expense of lean growth during disease.
Previous research has shown that Leu is able to regulate both muscle protein synthesis
and degradation. In particular, Leu is a potent activator of the mTORC1 signalling pathway and
can also modulate autophagy-lysosomal- and Ub-proteasome-dependent proteolysis. During
disease, Leu appears to have some ability to improve muscle protein synthesis, but its effects
may be tempered by the duration and severity of disease. Leucine and BCAA also appear to
have a central role in inter-organ AA metabolism, supplying both N and carbon for Ala and Gln
synthesis in skeletal muscle. It may therefore be possible to reduce the negative effect of disease
in growing pigs with dietary Leu supplementation.

However, there is limited information

available on the impact of Leu on whole-body protein turnover and PD in growing pigs,
especially during disease. There is also a need for additional research that pairs changes in
muscle and visceral protein synthesis with changes in whole-body protein turnover in pigs.
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Figure 2.1. Overview of the impact of immune system stimulation on whole-body AA
metabolism. Abbreviations used: ACTH, adrenocorticotropic hormone; APP, acute phase
protein; GH, growth hormone; IGF-1, insulin-like growth factor-1; IL-1, interleukin-1; IL-6,
interleukin-6; TNF-α, tumour necrosis factor-α. See text for further details.
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Figure 2.2. Overview of BCAA catabolism and Ala and Gln production in skeletal muscle.
Abbreviations used: ADP; adenosine diphosphate; Ala, alanine; Asp, aspartate; ATP, adenosine
triphosphate; BCAA, branched-chain amino acid; BCAT, branched-chain aminotransferase;
BCKA, branched-chain α-keto-acid; BCKDH, branched-chain α-keto-acid dehydrogenase;
BCKDH-K, branched-chain α-keto-acid dehydrogenase kinase; BCKDH-P, branched-chain αketo-acid dehydrogenase phosphatase; CoA, coenzyme A; Gln, glutamine; Glu, glutamate; IBCoA, isobutyryl-CoA; Ile, isoleucine; IV-CoA, isovaleryl-CoA; α-KG, α-keto-glutarate; KIC, αketoisocaproic acid; KIV, α-ketoisovaleric acid; KMV, α-keto-β-methylvaleric acid; Leu,
leucine; MB-CoA, α-methylbutyryl-CoA; OAA, oxaloacetate; Pi, inorganic phosphate; Pyr,
pyruvate; Val, valine. See text for further details.
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Figure 2.3. Inter-organ metabolism of BCAA, Ala, and Gln in the normal physiological state (1)
and during immune system stimulation (2). Bold lines represent increased flux, and dashed lines
represent decreased flux, in the indicated direction during ISS. A, liver; B, skeletal muscle; C,
kidney; D, immune cell. Abbreviations used: Ala, alanine; ATP, adenosine triphosphate; BCAA,
branched-chain amino acid; BCAT, branched-chain aminotransferase; BCKA, branched-chain αketo-acid; BCKDH, branched-chain α-keto-acid dehydrogenase; CoA, coenzyme A; Gln,
glutamine; Glu, glutamate; α-KG, α-keto-glutarate; PDV, portal-drained viscera. See text for
further details.
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Figure 2.4. Simplified regulation of the mTORC1 signalling pathway by growth factors, energy,
and leucine. Abbreviations used: AMPK, AMP activated protein kinase; ATP, adenosine
triphosphate; GTP, guanosine triphosphate; GDP, guanosine diphosphate; Gln, glutamine; IR,
insulin receptor; IRS, insulin receptor substrate; Leu, leucine; mTOR, mammalian target of
rapamycin; Rheb, Ras homolog enriched in brain; SLC, solute carrier; S6K1, ribosomal protein
S6 kinase 1; TSC, tuberous sclerosis complex; 4E-BP1, eukaryotic initiation factor 4E binding
protein 1. See text for further details.
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CHAPTER 3: RESEARCH RATIONALE, HYPOTHESIS, AND OBJECTIVES
Clinical and subclinical disease in commercial pig production adversely affects wholebody protein and amino acid (AA) metabolism in pigs. This leads to reduced nutrient utilization
efficiency for body protein deposition (PD) and growth, and thus alters AA requirements. The
negative impact immune system stimulation (ISS) on AA metabolism is mediated largely by proinflammatory cytokines. Together, these cytokines coordinate an inflammatory response where
AA are preferentially partitioned to visceral organs where they are utilized for gluconeogenesis
and the synthesis of acute phase proteins (APP) and other immune system-associated metabolites
(Li et al., 2007). Since feed consumption and dietary AA intake are reduced during ISS, AA are
released from labile protein pools, especially skeletal muscle, in order to support hepatic protein
and peptide synthesis. However, the balance among AA required for ISS-activated processes is
different than the AA profile released during muscle protein degradation, which alters AA
requirements during disease (Reeds and Jahoor, 2001). Amino acids in excess of requirements
for PD and synthesis of non-protein compounds are not retained; instead, they are catabolised
and contribute to nitrogen (N) excretion in the urine (Reeds et al., 1994).
Although AA requirements of growing pigs have been studied extensively (NRC, 2012),
there is still limited information available about the impact of ISS on AA requirements.
Fundamentally, diets should be formulated that correspond to changes in whole-body protein and
AA metabolism during ISS. However, it is important to also consider that several AA have nonproteinogenic properties that may impact protein and AA metabolism and PD during ISS.
Among the essential AA, Leu is a key regulator of skeletal muscle protein turnover (Garlick,
2005). Leucine, which functions as a signal of nutritional status, enhances translation initiation,
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the rate-limiting step of protein synthesis, through the mammalian target of rapamycin complex 1
signalling pathway. Although there is nothing to suggest that the Leu requirement for PD and
the synthesis of APP during ISS increases per se, it can be hypothesized that dietary Leu
supplementation may be beneficial in part due to the regulatory effects of Leu on skeletal muscle
protein synthesis and degradation.
The overall objective of the research presented in this thesis was to determine whether
dietary Leu supplementation, above the estimated standardized ileal digestible (SID) Leu: Lys
requirement for starter pigs (NRC, 2012), is able to minimize the negative impact of ISS on
protein and AA metabolism in starter pigs. The specific objectives were to:
1. Determine the effect of increasing SID Leu: Lys on whole-body N utilization before
and after ISS (Chapter 4);
2. Determine the effect of increasing SID Leu: Lys on whole-body protein turnover
before and after ISS (Chapter 5); and
3. Determine the effect of increasing SID Leu: Lys on tissue protein synthesis after ISS
(Chapter 6).
The first objective was addressed in two N-balance studies in which starter pigs were fed diets
with increasing SID Leu: Lys prior to and during ISS. The first N-balance study was carried out
in order to determine a timeframe when aspects of whole-body N utilization are responsive to
dietary Leu intake during ISS, and the second N-balance study focused on the established period.
The N-balance technique allowed for repeatable measures of PD over relatively short time
periods. Moreover, the N-balance technique is sensitive to transient changes in PD, which are
associated with ISS. The second objective was addressed with a continuous infusion of 15N-Gly
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in pigs fed diets with increasing SID Leu: Lys prior to and during ISS. This method allowed for
estimation of whole-body protein flux and, indirectly, of whole-body protein synthesis and
degradation, based on the appearance of the 15N label in the urine. The third objective was
addressed using a flooding dose of L-[ring-2H5]-Phe (40 mol %), administered to pigs fed diets
with increasing SID Leu: Lys during ISS. The flooding dose technique used to measure tissue
protein synthesis is relatively simple, rapid, and minimizes potential errors associated with
recycling of AA in tissues with high turnover rates. Liver and skeletal muscle protein syntheses
were considered in particular because they are key determinants of the alterations in whole-body
protein turnover during ISS.
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CHAPTER 4: EFFECTS OF DIETARY LEUCINE SUPPLEMENTATION AND
IMMUNE SYSTEM STIMULATION ON WHOLE-BODY NITROGEN UTILIZATION
IN STARTER PIGS1
4.1. Abstract
The increase in circulating pro-inflammatory cytokines following immune system
stimulation (ISS; e.g., with bacterial lipopolysaccharide [LPS]) causes a disruption in normal
protein and amino acid (AA) metabolism. The overall objective of this study was to determine
the effect of dietary Leu supplementation on the dynamics of whole-body nitrogen (N) retention
in starter pigs before and after immune system stimulation (ISS) induced by LPS. A preliminary
study was initially conducted in order to determine a timeframe when aspects of whole-body N
utilization are responsive to dietary Leu supplementation during ISS. In the main study, a total
of 28 starter pigs (14.46 ± 0.73 kg BW) were assigned to isoenergetic and isonitrogenous diets
that supplied essential AA at or above the standardized ileal digestible (SID) AA: Lys
requirement and to contain increasing amounts of Leu: CON (1.36% SID Leu; SID Leu: Lys =
100 [% Lys]); LEU-M (2.04% SID Leu; SID Leu: Lys = 150); and LEU-H (2.72% SID Leu; SID
Leu: Lys = 200). Pigs were housed in metabolic crates, scale-fed every 4 h based on BW, and
adjusted to dietary treatments for 5 d. The 108-h N-balance experiment was divided into two
periods: pre-challenge (before ISS; six consecutive 12-h collections) and challenge (after ISS;
three consecutive 12-h collections) periods. In both periods, blood was collected to determine
plasma AA and urea-N concentrations. At the start of the challenge period, half of the pigs fed
CON and all pigs fed LEU-M and LEU-H were challenged with a single intramuscular injection
of LPS (ISS+; 30 µg/kg BW); the remaining pigs fed CON were injected with saline (ISS-).

1

A modified version of this chapter has been published: Rudar, M., C. L. Zhu, and C. F. M. de Lange.
2016. Effect of supplemental dietary leucine and immune system stimulation on whole-body nitrogen
utilization in starter pigs. J. Anim. Sci. 94: 2366-2377.
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Whole-body N retention was determined during consecutive 12-h collections. Plasma free Leu
concentration increased linearly with increasing SID Leu: Lys (CON, 124 µmol/L; LEU-M, 185
µmol/L; LEU-H, 227 µmol/L; P < 0.01). During the pre-challenge period, whole-body N
retention was lower in pigs fed LEU-M (P < 0.01) and there was no difference between pigs fed
CON and LEU-H (7.91, 7.18, and 7.71 g/12 h for CON, LEU-M, and LEU-H, respectively).
During the challenge period, whole-body N retention in pigs fed CON was higher in ISS- than
ISS+ (5.37 vs 3.83 g/12 h; P < 0.01) but was not affected by dietary Leu supplementation in
ISS+ pigs (3.83, 3.21, and 3.45 g/12 h for CON, LEU-M, and LEU-H, respectively; P > 0.10).
In healthy pigs, feeding a high excess of dietary Leu induced an anabolic response that
compensates for reduced whole-body N retention observed in pigs fed an intermediate excess of
dietary Leu. There was no effect of dietary Leu supplementation on whole-body N retention in
pigs during ISS.

4.2. Introduction
Pigs reared under commercial conditions are routinely exposed to pathogens that cause
immune system stimulation (ISS), which may lead to either acute or chronic diseases. Following
pathogen exposure, immune cells release pro-inflammatory cytokines (i.e., interleukin (IL)-1,
IL-6, and tumour necrosis factor-α) that together coordinate an acute phase response that disrupts
normal protein and amino acid (AA) metabolism and reduces animal productivity (Le Floc’h et
al., 2004). Briefly, AA from the diet or released from skeletal muscle are directed to visceral
organs where they are used for gluconeogenesis and the synthesis of acute phase proteins and
other immune metabolites (Li et al., 2007). Amino acids in excess of requirements for wholebody protein deposition (PD; whole-body N retention  6.25) are not retained and contribute to
nitrogen (N) excretion (Reeds, 1994). During disease, pig diets should be provided that more
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closely match the altered AA requirements and blunt the negative impact of ISS on protein and
AA metabolism.
Branched-chain AA (BCAA) are a group of AA that are abundant in skeletal muscle,
accounting for 30% of its essential AA (EAA) content (Mahan and Shields, 1998), and are the
only EAA that have catabolic pathways active in skeletal muscle. Among the BCAA, Leu has
been extensively reported as having a regulatory role in stimulating muscle protein synthesis and
suppressing muscle protein degradation through the mammalian target of rapamycin complex 1
(mTORC1) signalling pathway (Garlick, 2005), and both processes are modified during ISS
(Frost and Lang, 2011). The objective of this study was to evaluate the effect of increasing SID
Leu: Lys on the dynamics of whole-body N retention in starter pigs before and after ISS induced
by bacterial lipopolysaccharide (LPS). We hypothesized that the reduction in PD during ISS can
be attenuated by dietary Leu supplementation.

4.3. Materials and Methods
All procedures in the current study were conducted according to the Canadian Council on
Animal Care (CCAC, 2009) and were approved by the University of Guelph Animal Care
Committee. A preliminary study was conducted in order to establish a timeframe to better
evaluate aspects of whole-body N utilization in response to dietary Leu intake during ISS.

4.3.1. Preliminary Study
4.3.1.1. Animals, Housing, Diets, and General Experimental Design
Growing Yorkshire barrows with an average initial body weight (BW) of 12.4 ± 2.1 kg
were obtained from the University of Guelph Arkell Swine research facility herd (Guelph, ON).
The pigs were housed in pairs in floor pens equipped with heat lamps and were fed a commercial
40

starter diet at the University of Guelph Animal Metabolism Unit (Guelph, ON) in a temperaturecontrolled room between 24°C and 26°C (Möhn et al., 2000). The study was conducted in 2
consecutive and equal blocks of 12 pigs each. One week after arrival at the metabolism unit,
pigs were housed individually in metabolism crates allowing for separate collection of feces,
urine, and wasted feed (Möhn et al., 2000) and randomly assigned to 1 of 2 dietary treatments: 1)
CON, 1.36% standardized ileal digestible (SID) Leu (SID Leu: Lys = 100 [% Lys]; n = 12); or 2)
LEU-H, 2.72% SID Leu (SID Leu: Lys = 200; n = 12). The diets were formulated to contain all
EAA, including Leu, at or above the estimated SID AA: Lys requirement for this BW range
(NRC, 2012), contained TiO2 as an indigestible marker, and were isoenergetic and
isonitrogenous (Table 4.1). Pigs were adapted to the dietary treatments over a 7-d period and
fed at 2.2 times maintenance requirements for metabolisable energy (daily feed allowance was
low in order to avoid excessive feed refusals, particularly during ISS; NRC, 2012). For the first
5 d of the adaptation period, pigs were fed equal meals twice daily at 08:00 and 16:00 h.
Thereafter, pigs were fed equal meals every 4 h at 02:00, 06:00, 10:00, 14:00, 18:00, and 22:00 h
in order to maintain elevated levels of plasma Leu. Water was provided to the pigs with each
meal at a 2:1 ratio, and an additional aliquot of water was provided 1 h after each meal.
Following the dietary adaptation period, ISS was induced in half of the pigs on each
dietary treatment with repeated intramuscular injections of Escherichia coli lipopolysaccharide
(LPS; strain 055:B5; Sigma-Aldrich Canada Co., Oakville, ON; ISS+) every 48 h for 7 d. The
initial LPS dose was 30 µg/kg BW on day 1 and was increased by 20% on each subsequent
injection on days 3, 5, and 7 to overcome potential development of LPS tolerance (Rakhshandeh
et al., 2012). The remaining pigs were injected with an equal volume of sterile saline (ISS-).
After ISS was induced, an N-balance study was conducted for 7 d. In all pigs, whole-body N
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utilization was measured daily. Feed refusals were collected after every feeding to accurately
determine DM and N intake. Urine was collected on steel trays that drained directly into
containers and was acidified with 10 mL concentrated sulfuric acid to maintain the pH below 3
to avoid N losses by ammonia volatilization (de Lange et al., 2001). For every 24-h collection
period, urine was weighed and a representative 200 mL aliquot was sampled, placed in a sealed
container, and stored at 4°C until N content analysis. Fresh feces was collected daily, pooled
within pig for the entire 7-d period, and stored at -20°C until it was freeze-dried.

4.3.2. Main Study
4.3.2.1. Animals, Housing, Diets, and General Experimental Design
Growing Yorkshire  Landrace barrows with an average initial BW of 10.6 ± 1.1 kg were
obtained from the University of Guelph Arkell Swine research facility herd. The pigs were
housed as described in the preliminary study. The study was conducted in 4 consecutive and
equal blocks of 8 pigs each, including spares. Five days after arrival at the metabolism unit, pigs
underwent surgical insertion of jugular vein catheters for serial blood collection according to de
Lange et al. (1989). Microrenathane catheters (internal diameter and external diameter of 1.6
mm and 2.4 mm, respectively; Brain Tree Scientific, Inc., Braintree, MA) were inserted into the
left and right external jugular veins and flushed immediately with physiological saline containing
2% heparin (10000 IU/mL, Sandoz Canada Inc., Boucherville, QC). The catheters were flushed
daily thereafter to maintain patency. Pigs were housed individually in metabolism crates directly
after surgery and were randomly assigned to one of three dietary treatments: 1) CON, 1.36%
SID Leu (SID Leu: Lys = 100 [% Lys]; n = 13); 2) LEU-M, 2.04% SID Leu (SID Leu: Lys =
150; n = 8); or 3) LEU-H, 2.72% SID Leu (SID Leu: Lys = 200; n = 7). The diets were
formulated to contain all EAA, including Leu, at or above the estimated SID AA: Lys
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requirement for this BW range (NRC, 2012), contained TiO2 as an indigestible marker, and were
isoenergetic and isonitrogenous (Table 4.1). Pigs were adapted to the experimental diets and
feeding regimen as described in the preliminary study and allowed to recovery from surgery for
at least 7 d before the start of N-balance measurements and sample collection.
The N-balance consisted of a 72-h pre-challenge period (six 12-h collections) and a 36-h
challenge period (three 12-h collections). Sample collection for the N-balance was conducted as
described for the preliminary study, except that N-balance in the pigs was measured during
consecutive 12-h collections. At the start of the challenge period, ISS was induced in all pigs fed
the LEU-M and LEU-H diets and half of the pigs fed the CON diet with a single intramuscular
injection of LPS (30 µg/kg BW; strain 055:B5; Sigma-Aldrich Canada Co., Oakville, ON;
ISS+). The remaining pigs on the CON diet were injected with an equal volume of sterile saline
(ISS-). Whole-body N retention was measured during consecutive 12-h collections for 36 h after
ISS was induced (challenge period). During the challenge period, feed intake of CON pigs
injected with saline was kept equal to pigs injected with LPS in order to prevent confounding of
whole-body N retention with feeding level. All pigs were provided their full allotment of feed 1
h before the LPS injection, were not provided any feed 3 h after the LPS injection, and were
allowed increasing amounts of feed thereafter (25%, 50%, 75%, and 100% of their daily feed
allowance at 7 h, 11 h, 15 h, and 19 h after the LPS injection, respectively). After this point, all
pigs were provided their full feed allowance until the end of the challenge period.
During the pre-challenge and challenge periods, blood was collected every 12 h for
plasma AA and urea-N analysis. On the third and final day of the pre-challenge period, blood
was collected from 4 pigs per dietary treatment hourly over a 4-h interval between meals for
plasma AA analysis. Blood that was collected at the end of the pre-challenge and challenge
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periods was also analysed for plasma albumin and white blood cell (WBC) concentrations. One
5-mL blood sample was collected from the jugular vein catheter at each sampling time into
sodium EDTA tubes (BD Canada, Mississauga, ON) and was centrifuged at 1500  g at 4°C for
15 min. Plasma was separated and stored at -20°C until further analysis.

4.3.2.2. Analytical procedures
Diet AA content was analyzed in the laboratory of Degussa AG (Hanau, Germany) by
ion-exchange chromatography coupled with post-column derivatization with ninhydrin (method
982.30; Association of Analytical Chemists [AOAC], 2006). Dry matter (DM) content of the
diets and pooled feces was measured in duplicate by oven drying for 2 h at 135 °C (method
930.15; AOAC, 1997). Dry matter content of feed refusals was measured by oven drying for 5 d
at 70°C. Diet, fecal, and urinary N content was analyzed at SGS Agrifood Laboratories (Guelph,
ON, Canada) with a LECO-FP 428 analyzer (LECO Instruments Ltd., Mississauga, ON, Canada)
according to AOAC (1997) method 990.03. The diet (triplicate) and pooled fecal (duplicate)
TiO2 content was measured according to AOAC (1997).
Plasma albumin and haptoglobin concentrations were analyzed at Animal Health
Laboratories (University of Guelph, Guelph, ON) on a Roche Cobas C 501 Analyzer (HoffmanLa Roche Ltd., Mississauga, ON). Albumin was analysed according to the methods described by
Doumas et al. (1971).

Haptoglobin binds methemoglobin to form a stable complex with

peroxidase activity in acidic conditions. Briefly, 90 µL of methemoglobin (0.278 g/L) was
mixed with 10 µL of plasma, incubated at room temperature for 10 min. This was followed by
the immediate addition of 1.5 mL of guaiacol reagent and 0.5 mL of hydrogen peroxide before
photometric determination (Makimura and Suzuki, 1982). White blood cell concentration was
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determined with cytogram analysis (Advia 120 Hematology System, Siemens Healthcare
Diagnostics, Inc., Deerfield, IL). Plasma free AA concentrations were analyzed using Ultra
Performance Liquid Chromatography and with Empower Chromatography Data Software
(Waters Corporation, Milford, CT) according to Boogers et al. (2008). Plasma urea N (PUN)
was analyzed using a commercial kit (Urea Nitrogen (BUN) Liqui-UV Test (Rate), Stanbio
Laboratory, Boerne, TX). Briefly, 10 µL of urea standard (30 mg/dL) or sample was added in
duplicate into wells of a 96-well plate. After addition of the reagent, absorbance was measured
immediately at 340 nm and one minute thereafter at 37°C (Power Wave XS KC4, BIO-TEK
Instruments, Inc., Winooski, VT). Plasma urea N was calculated as the ratio between the change
in absorbance of sample and standard multiplied by the concentration of the standard. The interassay CV was 1% and the minimum detection level was 2.0 mg/dL.

4.3.2.3. Calculations and statistical analysis
Total tract digestibility of DM and crude protein (CP) and fecal N excretion were
determined using the indicator method (Zhu et al., 2005). The mean analyzed diet TiO2 content
was used to calculate fecal N digestibility. Whole-body N retention (g/d for the preliminary
study; g/12 h for the main study) was calculated as the difference between N intake (feed
allowance minus feed refusal multiplied by analyzed N content in the diet) and N losses in the
feces and urine. Dietary N utilization efficiency was calculated as the ratio between N retention
and N absorbed (N intake minus N excretion in the feces).
Statistical analyses were conducted using the mixed model procedures of SAS (version
9.2; SAS Inst. Inc., Cary, NC) using individual N-balance observations within pig as the
experimental unit.

For the preliminary study, N-balance data were analysed as repeated
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measures across time using a 2  2 factorial design with diet, ISS, time (i.e., 24-h collection),
block, pig, and initial BW as sources of variation; block and pig were considered random effects.
Nitrogen utilization values are presented as means for the 7-d period. Contrasts were constructed
to test for differences between diets within ISS+ pigs and for differences between ISS- and ISS+
pigs within diet for each day post-challenge.
For the main study N-balance data, statistical analysis was conducted separately on data
from the pre-challenge and challenge periods. When N-balance observations during the prechallenge period were included as a covariate in the analysis of the data obtained in the challenge
period, in order to account for between-pig variation, this covariate was found to be not
significant (P > 0.10). For both periods, N-balance data were analysed as repeated measures
across time with treatment (e.g., 3 treatments during the pre-challenge period; 4 treatments
during the challenge period), time (i.e., 12-h collection), block, pig, and initial BW as sources of
variation. When a significant treatment effect was detected, differences among individual means
were assessed using the Tukey-Kramer post-hoc test. The linear relationship between the SID
Leu: Lys ratio and N-balance responses was evaluated. For the challenge period, a contrast was
constructed to determine the difference between ISS- and ISS+ pigs fed CON.
Plasma APP and WBC concentrations were analysed as repeated measures across period
with ISS, period, pig, and block as sources of variation. Plasma AA concentrations were
analysed as repeated measures across time with treatment, sampling time, pig, and block as
sources of variation. When a significant treatment effect was detected, differences among
individual means were assessed using the Tukey-Kramer post-hoc test. In the pre-challenge
period, the linear relationship between the SID Leu: Lys ratio and plasma AA concentrations
were evaluated. In the challenge period, orthogonal contrasts were used to assess whether
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plasma AA concentrations were different between 0 h and 36 h after ISS within treatment
groups.
Results are expressed as least square means ± standard error for the pre-challenge and
challenge periods. Significance was accepted at P < 0.05 and probabilities between 0.05 and 0.10
were accepted as trends.

4.4. Results
Prior to surgery, all pigs appeared healthy and readily consumed their daily feed
allowances. The catheterized pigs used in the main study recovered from surgery without
complication and returned to pre-surgery feeding levels within 24 h after surgery. The LPS
injection induced vomiting in several pigs which was collected and included in the feed refusal
for that day. In general, pigs recovered to about 75% of their pre-challenge feeding levels by 15
h after the LPS injection. In the main study, all data from four pigs were removed from analysis
due to inappropriate behaviours leading to incomplete N-balance observations. Moreover, two
pigs from LEU-H treatment had excessive feed refusals after ISS was induced (i.e., more than
33% of their feed allowance) and their data during the challenge period were excluded from
analysis. Several pigs suffered from diarrhea after the LPS injection, causing contamination of
urine with feces. This typically occurred within 2 h of the injection, and in these instances Nbalance observations were started 2 h after the LPS injection and the duration of the first Nbalance period was 10 h instead of 12 h.
Calculated and analyzed dietary AA content is presented in Table 4.2. Total analyzed
Leu content was higher in LEU-M compared to CON, and in LEU-H compared to LEU-M, and
the increases across the diets were consistent. The analyzed CP contents of the diets were
similar but all slightly higher (about 5%) than expected, likely due to higher than anticipated CP
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content of soy protein isolate, which was the only protein source used besides synthetic AA. The
analyzed AA contents were in general consistent with calculated values for all diets.
In the preliminary study, and based on mean values across the 7-d N-balance period,
there was no effect of diet on fecal N excretion, urinary N excretion, and N retention (P > 0.10).
Immune system stimulation increased mean urinary N excretion (ISS-, 3.83 g/d; ISS+, 4.23 g/d;
SE 0.60; P < 0.05) and decreased whole-body N retention (ISS-, 12.7 g/d; ISS+, 12.1 g/d; SE
0.35; P < 0.05), whereas fecal N excretion was not different between ISS- and ISS+ pigs (P >
0.10). The dynamics of whole-body N retention during the 7-d N-balance period are presented
in Figure 4.1. On day 2 post-challenge, LEU-H pigs had higher N retention than CON pigs
(CON, 10.3 g/d; LEU-H, 12.4 g/d; SE 0.76; P < 0.05). Moreover, N retention was not different
between ISS- and ISS+ pigs fed LEU-H (ISS-, 12.5 g/d; ISS+, 12.4 g/d; SE 0.67; P > 0.10)
whereas N retention was lower in ISS+ pigs fed CON than ISS- pigs fed CON (ISS-, 12.9 g/d;
ISS+, 10.3 g/d; SE 0.67; P < 0.05).
In the main study, there was no difference in plasma haptoglobin and WBC
concentrations in ISS- pigs between the pre-challenge and challenge periods (P > 0.10; Table
4.3) but plasma albumin concentration tended to be lower in the challenge period (P < 0.10).
Plasma albumin and WBC concentrations were lower, and plasma haptoglobin concentration was
higher, in the challenge period compared to the pre-challenge period for ISS+ pigs (P < 0.05).
During the pre-challenge period, all plasma AA concentrations were affected by time
after feeding, peaking 1 h after feeding and returning to pre-feeding levels 4 h after feeding (data
not shown; P < 0.01), but there was no interaction between diet and time after feeding for any
AA (P > 0.10). Across sampling times, plasma BCAA concentrations were strongly affected by
diet (P < 0.01; Table 4.4). Plasma Leu concentration increased linearly (P < 0.01) whereas
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plasma Ile, Val, and total BCAA decreased linearly (P < 0.01) with increasing SID Leu: Lys.
For the remaining EAA, plasma concentrations were not affected by diet (P > 0.10) except for
Trp, which tended to increase with increasing SID Leu: Lys (P < 0.10). Plasma Ala and Gln
concentrations decreased linearly with increasing SID Leu: Lys (P < 0.01). Plasma TAA and
NEAA concentrations tended to decrease with increasing SID Leu: Lys (P < 0.10).
During the pre-challenge period, there was no interaction between diet and time for any
aspect of whole-body N utilization (P > 0.10). Mean N utilization values for the pre-challenge
period are presented in Table 4.5. Urinary N excretion, whole-body N retention, and efficiency
of utilizing absorbed N for N retention were all affected by diet (P < 0.05). Urinary N excretion
was lower in CON pigs compared to LEU-M pigs (P < 0.05) but was not different from LEU-H
pigs (P > 0.10). Similarly, whole-body N retention and efficiency of utilizing absorbed N for N
retention were greater in CON and LEU-H pigs compared to LEU-M pigs (P < 0.05); there was
no difference between CON and LEU-H pigs (P > 0.10). There was no linear relationship
between any N-balance response and increasing SID Leu: Lys (P > 0.10). Plasma urea N
concentration was not affected by diet (P > 0.10).
During the challenge period, there was no interaction between treatment and time for any
aspect of whole-body N utilization (P > 0.10). Mean N utilization values for the challenge
period are presented in Table 4.6. During this period, neither N intake nor fecal N excretion was
affected by ISS (P > 0.10). Mean urinary N excretion was higher, whereas whole-body N
retention and efficiency of utilizing absorbed N for N retention were lower, in ISS+ pigs fed
CON compared to ISS- pigs fed CON (P < 0.01). In ISS+ pigs, there was no effect of increasing
SID Leu: Lys on urinary N excretion and N retention (P > 0.10), but N utilization efficiency
tended to be different between CON and LEU-M pigs (P < 0.10). Plasma urea N was higher in
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ISS+ pigs fed CON compared to ISS- pigs fed CON (P < 0.05), but was not affected by diet in
ISS+ pigs.

4.5. Discussion
The main objective of this study was to determine the effect of dietary Leu
supplementation on whole-body N retention in pigs challenged with bacterial LPS. For the main
study, a single intramuscular injection of LPS was selected as the non-infectious disease model.
Based on previous studies, this model shows a predictable response immediately following the
initial LPS injection, but pigs can develop tolerance to LPS such that they no longer exhibit a
clinical response to repeated LPS injections (Rakhshandeh and de Lange, 2012).

This is

consistent with the pattern of N retention observed in the preliminary study (Figure 4.1). In the
main study, the changes in plasma APP and WBC concentrations in ISS+ pigs are consistent
with ISS, indicating that LPS-induced ISS was successful (Sorensen et al., 2006). Moreover,
whole-body N retention was decreased and plasma urea N concentration was increased in ISS+
pigs, which suggests that changes in whole-body protein and AA metabolism were maintained
until the end of the 36-h challenge period.
In the current study, the experimental diets were formulated to supply AA at or above the
estimated SID AA: Lys requirement, including the SID Leu: Lys ratio in CON, such that no
individual AA or total N should have limited PD (NRC, 2012). At the low levels of energy
intake and PD in the present study, the absolute requirement for Lys is likely reduced due to the
higher relative contribution of maintenance AA requirements to total AA requirements (NRC,
2012). Since N utilization efficiency during the challenge period was lower than during the prechallenge period, especially in ISS+ pigs, it is unlikely that intake of any EAA or total N limited
PD during the challenge period. Therefore, this experimental design allows a careful evaluation
50

of the potential anabolic effect dietary Leu supplementation at the whole-body level in pigs
during ISS.
The diets supplied SID Leu at 100%, 150%, and 200% relative to SID Lys for CON,
LEU-M, and LEU-H, respectively, in order to determine the independent effects of increasing
Leu intake on plasma AA concentrations and whole-body N utilization. Although reductions in
growth performance have been observed previously in pigs fed high levels of Leu (Edmonds and
Baker, 1987; Gatnau et al., 1995; Wiltafsky et al., 2010), this depression may largely be
attributed to lower levels of feed intake. In the current study, pigs were fed at 2.2 times
maintenance requirements for metabolizable energy, considerably below their expected ad
libitum feed intake, in order to avoid excessive feed refusals. Several studies have reported
positive effects of feeding Leu-supplemented low protein diets to healthy young pigs on protein
synthesis in skeletal muscle and most visceral tissues and lean growth (Torazza et al., 2010; Yin
et al., 2010; Columbus et al., 2015). However, few studies have been conducted to explore
whole animal responses to feeding similar levels of Leu (Columbus et al., 2015). Since these
studies supplemented Leu to a low protein diet to meet requirements for PD, there were no
reductions in plasma Ile and Val concentrations that may have limited PD.
Although the N-balance study was conducted in the same animals in both the prechallenge and challenge periods, the N-balance responses in the pre-challenge period did not
affect the responses in the challenge period (P > 0.10). Therefore, the results from the prechallenge and challenge periods are discussed separately.

51

4.5.1. Pre-challenge period
Pigs fed LEU-M and LEU-H had elevated plasma Leu concentrations compared to CON
in the pre-challenge period, which was anticipated and consistent with the dietary Leu content.
Plasma Ile, Val, and total BCAA concentrations were decreased in LEU-M and LEU-H pigs,
which is in agreement with previous studies where the rate of whole-body BCAA catabolism is
elevated at higher levels of Leu intake (Harper et al., 1984). However, excess Leu intake in
LEU-M and LEU-H pigs lowered plasma Ile and Val concentrations to a similar extent, which is
in agreement with previous studies (Edmonds and Baker, 1987). This relationship may suggest
that the amount of Leu provided by LEU-M was sufficient to increase overall BCAA catabolism
to an apparent maximum rate. The experimental diets were kept isonitrogenous by replacing
Asp and Glu with Leu as the SID Leu: Lys ratio increased in LEU-M and LEU-H. Aspartate and
Glu are extensively catabolised in the splanchnic bed, and Asp- and Glu-N is freely available for
transamination between AA (Reeds et al., 1996). The substitution of this dietary N source may
have contributed in part to the linear decrease in plasma concentrations of Ala and Gln with
increasing SID Leu: Lys. Plasma Gly concentration, however, was lower in LEU-M than LEUH pigs, despite LEU-H pigs having lower NEAA intake. The relationship between dietary Leu
intake and plasma Gly concentration is also paralleled by changes in plasma Thr concentration.
Threonine is catabolised in the pig mainly through the Thr dehydrogenase pathway, whose
products include Gly and acetyl-CoA (Ballevre et al., 1990), but it is unclear why supplemental
Leu intake would affect Gly and Thr in this manner.
During the pre-challenge period, LEU-M pigs had lower whole-body N retention than
either CON or LEU-H pigs, and whole-body N retention was not different between CON and
LEU-H, despite all diets supplying a minimum SID Leu: Lys ratio of 100 (NRC, 2012).
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Moreover, any differences in whole-body N retention between diets were independent of total N
intake. Reduced availability of Ile and Val, which may be implied from lower plasma Ile and
Val concentrations in pigs fed LEU-M, may have contributed to reduced whole-body N
retention.

Diet-induced imbalance between BCAA and its negative effects on growth

performance have been reported previously in growing pigs (Langer and Fuller, 2000; Wiltafsky
et al., 2010). Feed intake was not restricted in Wiltafsky et al. (2010), however, which indicates
that the negative impact of Leu on growth performance could largely be attributed to reductions
in energy and AA intake rather than to a Leu-induced imbalance between BCAA. Despite lower
plasma Ile and Val concentrations in pigs, increasing SID Leu: Lys from LEU-M to LEU-H
improved whole-body N retention and appears to have an anabolic effect, even when there is an
apparent imbalance between BCAA. This is in agreement with Langer and Fuller (2000) who
demonstrated that the provision of Leu to a diet limiting in Met improved the whole-body N
utilization by 8% in growing pigs.
Leucine is a potent nutritional signal that regulates the mTORC1 pathway, integral to the
cellular response to growth factors, nutrients, energy status, and stress, in order to modulate
protein synthesis and degradation independently of other AA (Kimball and Jefferson, 2006).
Skeletal muscle in particular is sensitive to Leu as an anabolic stimulus (Dardevet et al., 2002;
Crozier et al., 2005; Rieu et al., 2007). Leucine alone, however, is not sufficient to stimulate an
anabolic response when other AA are in short supply (Kobayashi et al., 2003; Wilson et al.,
2010). The pigs in the current study were fed every 4 h in order to maintain permissive levels of
AA in the blood for PD. The higher and prolonged increase in plasma Leu concentration in
LEU-H pigs may have augmented the anabolic effects of Leu in order to increase PD in LEU-H
pigs. Based on these considerations, it is most likely that muscle protein synthesis, muscle
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protein degradation, or both of these processes were modified by dietary Leu supplementation
since the relative contribution of muscle protein synthesis to whole-body protein synthesis is
large (Breuille et al., 1994).

4.5.2. Challenge period
The reduction in PD during ISS is mediated by an increase in pro-inflammatory cytokines
and glucocorticoids that negatively impacts protein and AA metabolism in the pig. In both the
preliminary and main studies, ISS resulted in a significant reduction in PD, which is in
agreement with previous studies conducted in pigs (Williams et al., 1997; Daiwen et al., 2008;
Litvak et al., 2013; Rakhshandeh et al., 2014).

Both whole-body protein synthesis and

degradation may be elevated during ISS, but specific changes in protein turnover vary among
tissues (Breuille et al., 1998; Orellana et al., 2002). It is unclear whether certain AA, and Leu in
particular, can modulate anabolic and catabolic processes during ISS in pigs. In the preliminary
study, we found that Leu transiently attenuated the reduction in whole-body N retention after
pigs were challenged with LPS. The Leu-induced increase in N retention occurred on the second
day after the LPS injection. However, the ISS-induced reduction in N retention did not persist
after that time, indicating that the pigs had developed tolerance to LPS. For this reason, we
opted to investigate whole-body N utilization following a single LPS injection for a 36-h period
in the main study, which coincided with the Leu-induced increase in N retention observed in the
preliminary study. Contrary to the original hypothesis and to the preliminary results, dietary Leu
supplementation did not attenuate the reduction in N retention during ISS, and N retention did
not differ between diets in ISS+ pigs.
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During the challenge period, whole-body N utilization efficiency tended to be lower in
LEU-M than CON pigs, and LEU-H pigs were intermediate, despite similar N intakes.
Moreover, LEU-H pigs had approximately 10% higher N retention than LEU-M pigs, although
this increase was not statistically significant. This relative increase in N retention from LEU-M
to LEU-H, however, was similar for both the pre-challenge and challenge periods. Nitrogen
balance observations during ISS are in general more variable, and additional observations may
be required to better quantify this potential modest modulating effect of dietary Leu
supplementation during ISS.
Inflammation has been reported to reduce skeletal muscle sensitivity to Leu (Lang and
Frost, 2005) and to disrupt normal mTORC1 signalling (Kazi et al., 2011; Laufenberg et al.,
2014). Thus, the amount of Leu required to fully stimulate muscle protein synthesis or suppress
muscle protein degradation depends on the physiological state of the pig, and ISS likely
increases this threshold (Frost and Lang, 2011). It is unclear, however, when skeletal muscle
regains sensitivity to Leu following ISS. The duration of the Leu-insensitive period following
the initial inflammatory insult is unclear, but appears to depend on the length (i.e., acute or
chronic) and severity (i.e., endotoxemia or septicemia) of disease (Lang and Frost, 2005; Vary,
2007). In the current study, the duration of the challenge period did not exceed 36 h such that
pigs may still have been resistant to Leu, at least at the whole-body level. Therefore, we suggest
that the amount of Leu provided to pigs fed either LEU-M or LEU-H did not exceed a threshold
plasma Leu concentration, higher than that in healthy pigs, required to elicit a substantial
response in PD during the first 36 h of ISS.
Another possible mechanism through which Leu may have an anabolic effect is through
its role as an essential N donor for Ala and Gln synthesis in skeletal muscle (Ruderman and
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Berger, 1974). Glutamine is considered to be a conditionally EAA during disease (Karinch et
al., 2001), and its synthesis is increased by Leu to a greater extent than any other EAA
(Ruderman and Berger, 1974). In rats, LPS increases muscle Gln release and Gln synthetase
activity with no change in glutaminase activity (Austgen et al., 1992), which coincides with an
increase in muscle activity of branched-chain keto-acid dehydrogenase (Nawabi et al., 1990;
Holocek et al., 1997). This is in agreement with Bruins et al. (2003) who demonstrated that Gln
and Ala release from skeletal muscle is elevated in pigs during ISS. In the current study, it is
possible that increased Leu intake in pigs fed LEU-H compensated for an increase in BCAA
catabolism during ISS, supplying excess N for Ala and Gln synthesis.
In conclusion, the current study shows that whole-body N retention in starter pigs that are
not exposed to an immune challenge is affected by feeding additional Leu in a dose-dependent
manner: increasing the SID Leu: Lys ratio to 150 reduced PD, which appeared to be reversed by
further increasing the SID Leu: Lys ratio to 200. During ISS, there was a reduction in wholebody N retention and N retention efficiency, but there was no clear benefit of dietary Leu
supplementation on either of these responses. These results suggest that Leu supplementation
has a chronic effect on whole-body N utilization in healthy starter pigs, which is likely mediated
through alterations in whole-body protein synthesis and degradation, and a limited effect on N
utilization during ISS, which may be attributed to whole-body anabolic resistance. Since Leu
exerts its anabolic effects primarily in skeletal muscle, further investigation of protein turnover in
the skeletal muscle, as well as in other visceral tissues relevant to the immune response, in pigs
provided supplemental Leu is warranted in both healthy and ISS pigs. Overall, the effects of
increasing SID Leu: Lys on PD should be considered when optimizing AA nutrition for starter
pigs.
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Table 4.1. Ingredient composition (%, as fed) and nutrient content of experimental diets used in
the preliminary study (CON and LEU-H diets) and in the main study (all diets)1.

Item
Ingredient, % (as fed)
Corn starch
Sucrose
Soy protein isolate
Cellulose
Corn oil
Limestone
Dicalcium phosphate
Salt
Magnesium sulfate
Potassium sulfate

CON

Diet2
LEU-M

LEU-H

42.52
20.00
21.90
4.00
4.00
1.40
1.53
0.30
0.40
0.63

42.56
20.00
21.90
4.00
4.00
1.40
1.53
0.30
0.40
0.63

42.61
20.00
21.90
4.00
4.00
1.40
1.53
0.30
0.40
0.63

0.60
0.20
0.39
0.19
0.29
0.07
0.11
0.03
0.73
0.73

0.60
0.20
0.39
0.19
0.29
0.07
0.11
0.03
0.69
0.37
0.37

0.60
0.20
0.39
0.19
0.29
0.07
0.11
0.03
1.37
-

15.46
19.81
4.03
0.78
0.38
0.37

15.46
19.81
4.03
0.78
0.38
0.37

15.46
19.81
4.03
0.78
0.38
0.37

94.1
21.1
0.76
0.40
0.33

94.1
20.8
0.88
0.41
0.32

93.8
21.2
0.93
0.46
0.35

Vitamin-mineral mix3
Titanium dioxide
L-Lys-HCl
L-Thr
DL-Met
L-Trp
L-His
L-Val
L-Leu
L-Asp
L-Glu
Calculated nutrient content4
ME, MJ/kg
CP, %
Crude fat, %
Ca, %
P, %
Na, %
Analyzed nutrient content
DM, %
CP, %
Ca, %
P, %
Na, %
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1

Abbreviations used: CP, crude protein; DM, dry matter; ME, metabolisable energy; SID,
standardized ileal digestible.
2
CON = 1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEU-M = 2.04% SID Leu (SID
Leu: Lys = 150); LEU-H = 2.72% SID Leu (SID Leu: Lys = 200).
3
Supplied per kilogram of complete diet: Vitamin A, 12000 IU as retinyl acetate; vitamin D3,
1000 IU as cholecalciferol; vitamin E, 48 IU as DL-α-tocopherol acetate; vitamin K, 3 mg as
menadione; pantothenic acid, 18 mg; riboflavin, 6 mg; choline, 600 mg; folic acid, 2.4 mg;
niacin, 30 mg; thiamine, 18 mg, pyridoxine, 1.8 mg, vitamin B12, 0.03 mg; biotin, 0.24 mg, Cu,
18 mg from CuSO4.5H2O; Fe, 120 mg from FeSO4; Mn, 24 mg from MnSO4; Zn, 126 mg from
ZnO; Se, 0.36 mg from FeSeO3; I, 0.6 mg from KI (DSM Nutritional Products Canada Inc., Ayr,
ON).
4
Based on nutrient contents in feed ingredients according to NRC (2012) and nutrient
content of soy protein isolate according to the supplier (Archer Daniels Midland Company Inc.,
Woodstock, ON).
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Table 4.2. Calculated and analyzed total AA content (%, as fed) in the experimental diets1, 2.
CON3
LEU-M3
LEU-H3
Item
Calculated
Analyzed
Calculated
Analyzed
Calculated
Analyzed
His
0.58
0.58
0.58
0.61
0.58
0.57
Ile
0.93
0.91
0.93
0.96
0.93
0.89
Leu
1.53
1.56
2.21
2.42
2.90
3.18
Lys
1.47
1.40
1.47
1.49
1.47
1.46
Met
0.57
0.52
0.57
0.56
0.57
0.55
Phe
0.93
1.04
0.93
1.09
0.93
1.01
Thr
0.93
0.89
0.93
0.93
0.93
0.90
Val
1.01
0.94
1.01
1.00
1.01
0.93
Asn + Asp
3.05
2.77
2.23
Gln + Glu
4.56
4.30
3.68
1
Abbreviations used: AA, amino acid; SID, standardized ileal digestible.
2
Calculated values represent contributions from crystalline AA and the AA content of soy protein isolate according to the
supplier (Archer Daniels Midland Inc., Woodstock, ON).
3
CON = 1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEU-M = 2.04% SID Leu (SID Leu: Lys = 150); LEU-H =
2.72% SID Leu (SID Leu: Lys = 200).
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Table 4.3. Plasma APP and WBC concentrations during the pre-challenge and challenge periods in ISS- and ISS+ pigs1.
ISS-2
ISS+3
P-value
4
Item
Pre-challenge
Challenge
Pre-challenge
Challenge
SE
ISSISS+5
Number of animals
6
6
22
20
Albumin, g/L
30.9
29.6
32.2
27.8
1.2
0.087
<0.001
Haptoglobin, g/L
2.07
2.34
1.60
2.05
0.39
0.476
0.043
9
33.1
35.9
30.2
23.9
3.2
0.402
0.003
WBC, 10 /L
1
Values are least-squares means ± SE. SE is based on repeated measures analysis across time (largest value selected).
Data obtained from pigs in the main study. Abbreviations used: APP, acute phase protein; ISS, immune system stimulation;
WBC, white blood cell.
2
ISS-: single intramuscular injection of sterile saline.
3
ISS+: single intramuscular injection of Escherichia coli lipopolysaccharide.
4
P-value for the contrast between the pre-challenge and challenge periods in ISS- pigs.
5
P-value for the contrast between the pre-challenge and challenge periods in ISS+ pigs.
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Table 4.4. Plasma AA concentrations (µmol/L) in pigs fed increasing levels of dietary SID Leu
above the estimated SID Leu: Lys ratio for PD in the main study1.
Treatment2
P-value
Item
CON
LEU-M
LEU-H
SE Treatment
Linear3
Number of animals
4
4
4
His
78
76
96
7
0.176
0.124
a
b
b
Ile
169
71
61
10
<0.001
<0.001
a
b
c
Leu
124
185
227
9
<0.001
<0.001
Lys
157
166
158
8
0.720
0.977
Met
60
55
64
5
0.475
0.600
Phe
104
106
84
10
0.303
0.215
Thr
265
205
290
32
0.206
0.600
Trp
55
58
67
4
0.065
0.548
a
b
b
Val
225
134
117
11
<0.001
<0.001
a
b
b
BCAA
517
391
405
22
0.006
0.006
EAA
1236
1056
1163
46
0.062
0.292
a
b
b
Ala
556
378
327
41
0.008
0.004
a
ab
b
Gln
535
461
403
24
0.008
0.003
ab
a
b
Gly
964
810
1010
49
0.032
0.515
a
b
b
Pro
276
229
221
11
0.016
0.008
a
b
ab
NEAA
3039
2508
2646
131
0.048
0.064
a
b
ab
TAA
4275
3565
3810
152
0.027
0.060
1
Values represent least-squares means across 5 sampling times, taken hourly starting prior to
feeding to 4-h post-feeding, ± SE. SE is based on repeated measures analysis across time (largest
value selected). Labelled means in a row without a common letter differ, P < 0.05. Data obtained
from pigs in the main study. Abbreviations used: AA, amino acid; BCAA, branched-chain amino
acids; EAA, essential amino acids; NEAA, non-essential amino acids; PD, whole-body protein
deposition; SID, standardized ileal digestible; TAA, total amino acids.
2
CON = 1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEU-M = 2.04% SID Leu (SID
Leu: Lys = 150); LEU-H = 2.72% SID Leu (SID Leu: Lys = 200).
3
P-value for the linear effect of increasing SID Leu: Lys on plasma AA concentration.
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Table 4.5. Aspects of N utilization in pigs fed increasing levels of dietary SID Leu above the
estimated SID Leu: Lys ratio for PD during the 72-h pre-challenge N-balance period in the main
study1.
Treatment2
P-value
Item
CON
LEU-M
LEU-H
SE Treatment
Linear3
Number of animals
13
8
7
Initial BW, kg
14.5
14.6
14.2
N intake, g/12 h
9.74
9.63
9.56
0.19
0.723
0.443
Fecal N excretion, g/12 h
0.37
0.45
0.43
0.03
0.110
0.137
a
b
ab
Urinary N excretion, g/12 h
1.43
1.90
1.59
0.15
0.038
0.402
a
b
a
N retention, g/12 h
7.91
7.18
7.71
0.14
<0.001
0.245
a
b
ab
N retention, % of N absorbed
84.7
79.3
82.9
1.5
0.019
0.349
4
a
b
a
PD , g/12 h
49.4
44.9
48.2
0.9
0.001
0.258
PUN, mg/dL
5.73
6.80
6.16
0.44
0.151
0.444
1
Values are least-squares means ± SE. SE is based on repeated measures analysis across
time (largest value selected). Labelled means in a row without a common letter differ, P < 0.05.
Abbreviations used: BW, body weight; N, nitrogen; PD, whole-body protein deposition; PUN,
plasma urea nitrogen; SID, standardized ileal digestible.
2
CON = 1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEU-M = 2.04% SID Leu (SID
Leu: Lys = 105); LEU-H = 2.72% SID Leu (SID Leu: Lys = 200).
3
P-value for the linear effect of increasing SID Leu: Lys on aspects of whole-body N
utilization.
4
PD = N retention  6.25.
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Table 4.6. Aspects of N utilization in pigs fed increasing levels of dietary SID Leu above the estimated SID Leu: Lys ratio for PD
during the 36-h challenge N-balance period in the main study1.

Item

CON
ISS-

Treatment2
CON
LEU-M
ISS+
ISS+

P-value
LEU-H
ISS+

SE

ISS3

Linear4

Number of animals
6
7
8
5
BW, kg
14.8
14.3
14.6
14.2
N intake, g/12 h
7.18
6.77
6.59
6.59
0.24
0.189
0.574
Fecal N excretion, g/12 h
0.25
0.27
0.31
0.29
0.03
0.574
0.634
a
b
b
b
Urinary N excretion, g/12 h
1.41
2.77
3.02
2.73
0.19
<0.001
0.886
a
b
b
b
N retention, g/12 h
5.39
3.84
3.22
3.52
0.25
<0.001
0.338
a, x
b, y
b, z
b, yz
N retention, % of N absorbed
77.4
58.3
48.2
54.6
3.2
<0.001
0.402
5
a
b
b
b
PD , g/12 h
33.7
24.0
20.1
22.0
1.56
<0.001
0.223
a
b
b
b
PUN, mg/dL
5.66
12.4
10.5
10.9
1.64
0.003
0.486
1
Values are least-squares means ± SE. SE is based on repeated measures analysis across time (largest value selected). Labelled
means in a row without a common letter differ, P < 0.05 (a, b), P < 0.10 (x, y). Abbreviations used: BW, body weight; ISS, immune
system stimulation; N, nitrogen; PD, whole-body protein deposition; PUN, plasma urea nitrogen; SID, standardized ileal digestible.
2
CON = 1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEU-M = 2.04% SID Leu (SID Leu: Lys = 150); LEU-H = 2.72% SID
Leu (SID Leu: Lys = 200). ISS-: single intramuscular injection of sterile saline; ISS+: single intramuscular injection of Escherichia
coli lipopolysaccharide.
3
P-value for the contrast between ISS- and ISS+ pigs fed CON.
4
P-value for the linear effect of increasing SID Leu: Lys in ISS+ pigs on aspects of whole-body N utilization.
5
PD = N retention  6.25.
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Figure 4.1. Dynamics of whole-body N retention (g/d) in starter pigs fed two levels of dietary
SID Leu above estimated SID Leu: Lys requirement following ISS in the preliminary study.
CON = 1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEU-H = 2.72% SID Leu (SID Leu: Lys
= 200). ISS was induced with repeated intramuscular injections of Escherichia coli
lipopolysaccharide (ISS+). Pigs from each dietary treatment that were not immune-challenged
were administered sterile saline (ISS-). * indicates P < 0.05 between ISS+ pigs fed CON and
LEU-H; ± indicates P < 0.05 between ISS- and ISS+ pigs fed CON. Abbreviations used: N,
nitrogen; ISS, immune system stimulation; SID, standardized ileal digestible.
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CHAPTER 5. EFFECTS OF DIETARY LEUCINE SUPPLEMENTATION AND
IMMUNE SYSTEM STIMULATION ON WHOLE-BODY PROTEIN TURNOVER IN
STARTER PIGS
5.1. Abstract
Immune system stimulation (ISS) adversely affects normal protein and amino acid (AA)
metabolism and reduces productivity in growing pigs.

Leucine has been reported to have

regulatory roles in skeletal muscle and whole-body protein turnover, which may be affected by
ISS. The objective of this study was to determine the effect of excess dietary Leu intake on
whole-body protein turnover and protein deposition (PD) in starter pigs before and after ISS
induced by bacterial lipopolysaccharide (LPS). A total of 28 growing Yorkshire barrows (initial
body weight [BW] = 14.46 ± 0.73 kg) were surgically fitted with jugular vein catheters.
Following surgery, pigs were housed individually in metabolism crates and were adapted to one
of three dietary treatments: 1. CON, 1.36% standardized ileal digestible (SID) Leu (SID Leu:
Lys = 100 [% Lys]; n = 13); 2. LEU-M, 2.04% SID Leu (SID Leu: Lys = 150; n = 8); and 3.
LEU-H, 2.72% SID Leu (SID Leu: Lys = 200; n = 7). The diets were isoenergetic and
isonitrogenous and contained all essential AA at or above the estimated AA: Lys ratios for PD
(NRC, 2012). Pigs were fed every 4 h according to their BW and adjusted to treatments for 7 d.
The study consisted of a 72-h pre-challenge period (before ISS, six consecutive 12-h collections)
followed by a 36-h challenge period (after ISS, three consecutive 12-h collections). Throughout
both the pre-challenge and challenge periods, pigs were infused continuously with
0.01 mmol

15

N/kg BW/d from

15

15

N (0.13 ±

N-Gly). At the end of the pre-challenge period, ISS was

induced in all LEU-M and LEU-H pigs, and half of CON pigs, with a single intramuscular
injection of LPS (30 µg·kg-1 BW; ISS+; n = 7, 8, and 7 for CON, LEU-M, and LEU-H pigs,
respectively); the remaining CON pigs were injected with saline (ISS-; n = 6). For each 12-h
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collection, feed refusals and feces were collected to determine digestible nitrogen (N) intake, and
urine was collected to determine urinary urea- and ammonia-N and 15N excretions. Whole-body
protein turnover was calculated according to the end-product method. Protein deposition was
calculated as the difference between whole-body protein synthesis and degradation. Digestible
N intake was not different between treatments during either the pre-challenge or challenge
periods. During the pre-challenge period, there was a linear reduction in whole-body protein
synthesis and degradation with increasing SID Leu: Lys (P < 0.01). LEU-M pigs had lower PD
than both CON and LEU-H pigs (69.8 vs. 76.4 and 74.6 mmol N/kg BW/d for LEU-M, CON,
and LEU-H, respectively, SE 1.2; P < 0.05). During the challenge period, whole-body protein
degradation was not affected by ISS, whereas whole-body protein synthesis was decreased (203
vs. 169 mmol N/kg BW/d for ISS- and ISS+ pigs fed CON, respectively, SE 12; P < 0.05). ISS+
pigs also had lower PD (64.9 vs. 45.0 mmol N/kg BW/d for ISS- and ISS+ pigs fed CON,
respectively, SE 2.9; P < 0.05).

However, Leu intake did not affect whole-body protein

synthesis or degradation in ISS+ pigs. In this study, ISS reduced whole-body protein synthesis
and PD in starter pigs. Although dietary Leu supplementation reduced whole-body protein
turnover during the pre-challenge period, there was no effect on whole-body protein synthesis or
degradation in pigs during ISS.

5.2. Introduction
The metabolic response to infection and inflammation is characterized by distinct
changes in protein and amino acid (AA) metabolism and reduces pig productivity (Le Floc’h et
al., 2004). In general, immune system stimulation (ISS) leads to a decrease in muscle protein
synthesis, and increase in visceral protein synthesis, which contribute to an overall lower rate of
protein deposition (PD) and body weight gain in growing animals.
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In the short-term, the

partitioning of dietary AA from muscle protein accretion to gluconeogenesis and acute phase
protein synthesis in the liver is beneficial, but prolonged repartitioning is undesirable as it
negatively affects nitrogen (N) utilization for PD. Immune system stimulation-induced changes
in whole-body protein and AA metabolism are multifactorial, resulting from both decreases in
protein synthesis and increases in protein degradation (Breuille et al., 1998).
Branched-chain amino acids (BCAA) account for 40% of the essential AA (EAA)
requirement in growing pigs (NRC, 2012). The large requirement for BCAA is reflected in their
abundance in whole-body protein, particularly in skeletal muscle, where they account for 30% of
the EAA content (Mahan and Shields, 1998). Among EAA, BCAA are unique in two key
respects: 1. BCAA are metabolized extensively by peripheral tissues instead of the liver and 2.
BCAA regulate protein turnover by mechanisms other than their role as precursor for protein
synthesis through the mammalian target of rapamycin complex 1 (mTORC1) signalling pathway
(Kimball and Jefferson, 2006). Among the BCAA, Leu is a potent anabolic stimulus for skeletal
muscle, with the capacity to affect both protein synthesis and degradation (Crozier et al., 2005;
Nagasawa et al., 2002). Moreover, increased whole-body utilization of BCAA during ISS, likely
as donors of N to Ala and Gln, suggests that these AA may become limiting for PD in pigs
(Ruderman and Berger, 1974; Bruins et al., 2003). It may therefore be possible to reduce the
negative effect of ISS in starter pigs with dietary Leu supplementation.

We previously

demonstrated that Leu supplementation affected whole-body N retention in healthy pigs in a
dose-dependent manner, but did not improve N retention in pigs during ISS (Chapter 4).
However, limited information is available on the impact of Leu on whole-body protein synthesis
and degradation, which may independently contribute to changes PD, especially during disease.
The objective of the current study was to evaluate the effect of dietary Leu supplementation on
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whole-body protein turnover in starter pigs before and after ISS induced by bacterial
lipopolysaccharide (LPS).

5.3. Materials and Methods
All procedures in the current study were conducted according to the Canadian Council on
Animal Care (CCAC, 2009) and were approved by the University of Guelph Animal Care
Committee.

5.3.1. Animals, diets, and treatments.
The pigs used in the current study were the same animals described in Chapter 4. Briefly,
starter Yorkshire barrows underwent surgical insertion of jugular vein catheters for serial blood
collection (de Lange et al., 1989) and were housed individually in metabolism crates that allowed
for separate collection of feed refusals, feces, and urine (Möhn et al., 2000). Pigs were randomly
assigned to one of three dietary treatments: 1) CON, 1.36% standardized ileal digestible (SID)
Leu (SID Leu: Lys = 100 [% Lys]; n = 13); 2) LEU-M, 2.04% SID Leu (SID Leu: Lys = 150; n
= 8); or 3) LEU-H, 2.72% SID Leu (SID Leu: Lys = 200; n = 7; Table 4.1), and fed every 4 h,
as described previously (Chapter 4).
The experimental period consisted of a 72-h pre-challenge period (six consecutive 12-h
collections) followed by a 36-h challenge period (three consecutive 12-h collections).
Throughout both the pre-challenge and challenge periods, pigs were infused continuously with
15

N (0.13 ± 0.01 mmol

15

N/kg BW/d, from

15

N-Gly, 98% purity; Cambridge Isotope

Laboratories, Inc., Tewksbury, MA) with a peristaltic infusion pump (SciQ 323S, Watson
Marlow Brendel Pumps, Cornwall, England) for the determination of whole-body protein
kinetics.

15

N-Gly was dissolved in sterile saline (0.9% NaCl; Baxter Canada, Alliston, ON) and
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filtered through 0.22-µm PVDF Millipore syringe filters (Fisher Scientific, Ottawa, ON). At the
start of the challenge period, ISS was induced in all pigs fed the LEU-M and LEU-H diets and
half of the pigs fed the CON diet with a single intramuscular injection of Escherichia coli LPS
(30 µg/kg BW; strain 055:B5; Sigma-Aldrich Canada Co., Oakville, ON; ISS+; n = 7, 8, and 7
for CON, LEU-M, and LEU-H pigs, respectively). The remaining pigs on the CON diet were
injected with an equal volume of sterile saline (ISS-; n = 6). During the challenge period, feed
intake of CON pigs injected with saline was kept equal to pigs injected with LPS, as described
previously (Chapter 4). At the end of the challenge period, pigs were euthanized by a lethal
intravenous injection of sodium pentobarbital (0.3 mL/kg BW; Schering-Plough Canada, Inc.,
Kirkland, QC).

5.3.2. Sampling and sample analysis
For each 12-h collection in the pre-challenge and challenge periods, feed refusals and
feces were collected to determine digestible N intake, and urine was collected to determine
urinary urea- and ammonia-N and
15

15

N excretions. Urine was also collected for 12 h before the

N infusion was started to determine the natural abundance of 15N in urinary urea and ammonia.

Urine was collected and acidified directly into containers that contained 10 mL concentrated
H2SO4 to maintain pH below 3, which prevents ammonia volatilization (de Lange et al., 2001).
For each collection, urine was weighed and a representative 200-mL aliquot was sampled, placed
in a sealed container, and stored at 4°C until further analysis. Fresh feces were collected daily,
pooled within pig for the duration of the study, and stored at -20°C until further analysis.
Urinary urea- and ammonia-N concentrations were determined for each 12-h collection.
For the determination of ammonia-N concentration, an aliquot of urine containing 5000 µg

69

urinary N was passed through a chromatography column packed with 2 mL of Na/K cation
exchange resin (prepared from AG59 WX8 200 H+ form according to Rivera-Ferre et al. (2006),
Sigma-Aldrich Canada Co., Oakville, ON) and rinsed twice with 2 mL Milli-Q water. The
ammonia bound to the column was eluted with 1 mL of 1 M KOH, recovered in a glass culture
tube containing 25 µL of 9 M H2SO4, and stored at -20°C until further analysis. For the
determination of urea- plus ammonia-N concentration, an aliquot containing approximately 3000
µg of urinary N was added to a 10-mL vacutainer tube containing 2.3 mL of 0.2 M Na/K
phosphate buffer (pH 7.4). The tubes were closed with a rubber stopper and 100 µL of urease
(400 U/mL, prepared in the same Na/K phosphate buffer; Urease Type VI Jack Beans, 105000
U/g, Sigma-Aldrich Canada Co., Oakville, ON) were injected through the stopper. The samples
were inverted and incubated at 37°C for 1 h and 0.5 mL of 1 M HCl were injected to stop the
reaction and acidify the sample. The solution was then passed through the chromatography
column as described previously for ammonia-N. The concentration of ammonia-N and ureaplus ammonia-N was determined according to Chaney and Marbach (1962). The final dilutions
of the samples containing ammonia-N and urea- plus ammonia-N were 1:40 and 1:300,
respectively, before the concentrations were measured.

The concentration of urea-N was

calculated as the difference between urea- plus ammonia-N and ammonia-N concentrations.
Isotopic enrichment of urea- plus ammonia-N in urine was analyzed by the Environment
Isotope Laboratory (Department of Earth and Environmental Sciences, University of Waterloo,
Waterloo, ON). Briefly, a solution of urea- plus ammonia-N (1000 µg N/mL; all urea-N in the
form of ammonia-N, isolated as described previously) was converted to ammonia gas by
adjusting the pH, adsorbed on an acidified quartz glass filter disc, and freeze-dried (Schleppi et
al., 2006). The sample was then combusted in an elemental analyzer connected to an isotope
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ratio mass spectrometer (EA-Thermo Instruments Deltaplus-IRMS; Fisher Scientific, Ottawa,
ON). The 15N enrichment in each sample was corrected for natural 15N abundance in urine.

5.3.3. Calculations
Digestible N intake was calculated according to Zhu et al. (2005). Whole-body protein
turnover was determined by the end product method (Waterlow et al., 1978). This method
assumes that

15

N supplied by

15

N-Gly is distributed between whole-body protein synthesis and

AA oxidation in the same proportion as total body AA, 15N is freely available for transamination
between AA, and

15

N released from protein degradation is not reincorporated into whole-body

protein. From these assumptions, it follows that
ammonia-N approximates

15

15

N enrichment in urinary urea urea plus

N enrichment in plasma, and whole-body protein flux (Q; mmol

N/kg BW/d) is equal to the ratio of the infusion rate of

15

N (mmol/kg BW/d) to the isotopic

enrichment of urinary N at steady state (%). Absolute rates of whole-body protein synthesis,
degradation, and PD were derived from the following expressions:

S
B
D

S–B

Where I is the sum of the digestible N intake and infused N, B is the rate of whole-body protein
degradation, S is the rate of whole-body protein synthesis, and U is the sum of urinary urea- and
ammonia-N excretion, all expressed as mmol N/kg BW/d (Rivera-Ferre et al., 2006).
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5.3.4. Statistical analysis
Statistical analysis was conducted separately for the pre-challenge and challenge periods
using the mixed model procedures of SAS (version 9.4; SAS Institute Inc., Cary, NC). When
observations for the pre-challenge period were included as a covariate in the analysis of
challenge period data, in order to account for between-pig variation, this covariate was found to
be not significant (P > 0.10) and was excluded from the final statistical model. For both periods,
whole-body protein kinetics were analyzed as repeated measures across time with treatment (i.e.
3 treatments for the pre-challenge period, 4 treatments for the challenge period), time, block, and
pig as sources of variation; block and pig were considered random effects. When a significant
treatment effect was detected, differences among individual means were assessed using the
Tukey-Kramer post-hoc test. The linear relationship between the SID Leu: Lys ratio and wholebody protein kinetics was also evaluated. For the challenge period, a contrast was constructed to
assess the difference between ISS- and ISS+ pigs fed CON. In all analyses, individual pigs were
the experimental unit.

Results are expressed as least square means ± standard error.

Significance was accepted at P < 0.05 and probabilities between 0.05 and 0.10 were accepted as
trends.

5.4. Results
Prior to surgery, all pigs appeared healthy and readily consumed their daily feed
allowance. The catheterized pigs recovered from surgery without complication and returned to
pre-surgery feeding levels within 24 h after surgery. In general, ISS+ pigs recovered to at about
75% of their pre-challenge period feeding levels by 15 h after the LPS injection; this feeding
level was maintained for the remainder of the challenge period. All data from four pigs were
removed from analysis due to inappropriate behaviours leading to incomplete collection of urine.
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Moreover, two pigs on LEU-H had excessive feed refusals (i.e., more than 33% of their daily
feed allowance) after ISS was induced, and their data during the challenge period were excluded
from analysis.
Steady-state conditions in whole-body protein kinetics were confirmed by analyzing
urinary

15

N enrichment in six pigs for the 108-h duration of the infusion, four of which were

injected with LPS (Figure 5.1). Urinary excretion of
start of the infusion. Based on this observation,

15

15

N appeared to plateau by 36 h after the

N enrichment was analyzed in the remaining

pigs in urine collected from the final two 12-h collections in both the pre-challenge and
challenge periods. It should be noted that urinary

15

N excretion was not constant in ISS+ pigs

during the challenge period; therefore, whole-body protein turnover in the pre-challenge and
challenge periods were considered separately. Since there were no interactive effects between
treatment and time for both the pre-challenge and challenge periods (P > 0.10), aspects of wholebody protein turnover are presented as the mean of the two 12-h collections in each period.
During the pre-challenge period, digestible N intake was lowest in LEU-M pigs (P <
0.05; Table 5.1). Urinary ammonia-N excretion was not different between dietary treatments (P
> 0.10). Urinary urea-N and total urinary ammonia- and urea-N excretion were lower in CON
than LEU-M pigs (P < 0.05), but was intermediate for LEU-H pigs. Whole-body protein flux,
synthesis, and degradation decreased with increasing dietary Leu intake (P < 0.01). Protein
deposition was higher in both CON and LEU-H pigs than LEU-M pigs (P < 0.05). The protein
synthesis: PD ratio, which is the amount of protein synthesized per protein accreted and indicates
the energetic efficiency of PD, decreased with increasing dietary Leu intake (P < 0.05).
During the challenge period, digestible N intake was not affected by ISS (P > 0.10; Table
5.2). Urinary ammonia-N, urea-N, and total ammonia- and urea-N excretion were higher in ISS+
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than in ISS- pigs (P < 0.05). Whole-body protein flux, synthesis, and PD were lower in ISS+
than in ISS- pigs (P < 0.05) whereas whole-body protein degradation was not affected by ISS (P
> 0.10). The protein synthesis: PD ratio was 33% higher in ISS+ than in ISS- pigs (P < 0.05). In
ISS+ pigs, dietary Leu content did not affect digestible N intake, urinary urea- and ammonia-N
excretion, whole-body protein flux, synthesis, and degradation, PD, and the protein synthesis:
PD ratio (P > 0.10).

5.5. Discussion
The main objective of the current study was to evaluate the effect of dietary Leu
supplementation on whole-body protein turnover in pigs before and during ISS. Leucine is a
potent nutritional signal that directly regulates the mTORC1 signalling pathway which
modulates protein synthesis, largely independent of other AA (Kimball and Jefferson, 2006).
Skeletal muscle in particular is sensitive to Leu as an anabolic stimulus (Dardevet et al., 2002;
Crozier et al., 2005; Rieu et al., 2007). Similar to its regulatory role in protein synthesis, Leu
may also modulate protein degradation, although the mechanism is not as well understood
(Nagasawa et al., 2002; Sugawara et al., 2007; Sugawara et al., 2009). In order to achieve this
objective, pigs were provided diets that supplied increasing amounts of Leu and infused
continuously with

15

N-Gly into a jugular vein. The experimental diets were formulated to

provide pigs AA at or above the estimated AA: Lys ratios for PD such that no individual AA or
total N intake would limit PD (NRC, 2012). After urinary

15

N excretion reached steady state,

ISS was induced with a single intramuscular injection of LPS. Based on previous studies, the
LPS challenge model shows a predictable response immediately following the initial LPS
injection, while avoiding the potential to develop tolerance to LPS (Rakhshandeh et al., 2012).
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Since measurements of PD from an N-balance do not allow for the estimation of the
individual processes of protein synthesis and degradation that contribute to PD (Chapter 4), we
opted to investigate these aspects of whole-body protein turnover with
protein turnover is often measured with a single oral dose of

15

15

N-Gly. Whole-body

N-Gly (Waterlow, 2006). The

main advantages of this approach are the relative ease of tracer administration and that

15

N-Gly

provides an estimate of whole-body protein flux similar to the administration of uniformly
labelled protein. However, an oral dose of 15N-Gly is subject to extensive first-pass metabolism,
where between 30 and 50% of ingested Gly may be unavailable to peripheral tissues for protein
synthesis (Wu, 1998), and contributes preferentially to urinary urea labelling (Waterlow, 2006).
Moreover, the single dose method requires quantitative collection of label excretion in urine,
which limits rapid consecutive measurements of whole-body protein flux. For these reasons, we
opted to employ a continuous infusion of 15N-Gly to determine whole-body protein flux prior to
and during ISS. Although a continuous infusion of

15

N-Gly underestimates whole-body protein

synthesis due to tracer recycling (Waterlow, 2006), this is less of a concern for whole-body
protein compared to tissues and individual proteins with rapid turnover rates. The observed
values for whole-body protein flux in this study were similar to those reported previously in
growing pigs using a single oral dose of

15

N-Gly (Reeds et al., 1980; Ren et al., 2007; Rivera-

Ferre et al., 2006; Daiwen et al., 2008). Moreover, PD, calculated from the difference between
whole-body protein synthesis and degradation, was in close agreement with N-balance
observations that were made simultaneously in this group of pigs (Chapter 4).

These

observations provide confidence that the relative effect of dietary treatment on whole-body
protein synthesis and degradation are accurate.
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During the pre-challenge period, we observed a linear reduction in whole-body protein
flux as dietary Leu intake increased, which corresponded to linear reductions in both whole-body
protein synthesis and degradation. The observed effect of supplemental Leu on whole-body
protein degradation is consistent with previous observations in fasted humans (Louard et al.,
1990; Nair et al., 1992). The observed effect of supplemental Leu on whole-body protein
synthesis is in contrast to Schwenk and Haymond (1987), however, who demonstrated that the
anabolic effect of Leu administration in fasted humans is mediated by an increase in protein
synthesis rather than a reduction in protein degradation. The apparent discrepancies across
studies may be attributed to the metabolic state of the animal. First, growing animals are highly
anabolic and are likely more sensitive to changes in dietary AA and energy intake (particularly
when either of these limits PD), compared to the maintenance state of adult animals. Second,
based on observed reductions in plasma concentrations of Val and Ile, the additional Leu
provided to LEU-M and LEU-H pigs may have induced whole-body BCAA catabolism to an
apparent maximum rate (Chapter 4). The Leu-induced BCAA imbalance may have limited
BCAA availability for whole-body protein synthesis in these pigs. Third, any response to Leu
administration should be considered in relation to the AA and energy status of the animal (i.e.,
postprandial or postabsorptive).
Despite the observed linear effects of dietary Leu supplementation on whole-body protein
synthesis and degradation, there was not a corresponding change in PD. No positive effect of
feeding additional Leu on PD above the level in CON was observed, but Leu improved PD from
LEU-M to LEU-H. This observation contrasts with Columbus et al. (2015) and Boutry et al.
(2016) who demonstrated that weight gain and PD was improved in neonatal pigs in response to
Leu supplementation, corresponding to increases in muscle protein synthesis and activation of
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key mTORC1 signalling proteins. In the current study, LEU-M pigs had lower PD than either
CON or LEU-H pigs, which may be attributed to an apparent imbalance between BCAA and its
effects on BCAA catabolism, as mentioned previously. This is supported by the higher level of
urinary urea-N excretion in LEU-M pigs. The recovery in PD in LEU-H pigs, when compared to
LEU-M pigs, appears to indicate a maximum capacity for BCAA catabolism combined with an
anabolic effect of Leu. In the current study and before ISS, dietary Leu supplementation resulted
in a linear reduction in the ratio between whole-body protein synthesis and PD. Given the high
energetic cost of protein synthesis (Reeds et al., 1982), and the relationship between protein
turnover and a minimum rate of AA catabolism (Moughan, 1999), it can be implied that feeding
additional Leu improves the efficiency of using energy for PD.
In the current study, ISS resulted in a reduction in whole-body protein synthesis with no
change in protein degradation.

In weaned pigs administered LPS, whole-body protein

degradation increased with no change in protein synthesis (Daiwen et al., 2008), whereas both
whole-body protein synthesis and degradation were elevated following an intravenous infusion
of live bacteria into adult rats, resulting in sepsis (Breuille et al., 1994). These conflicting results
stress the need to understand the effects of different inflammatory stimuli, and the contributions
of major protein pools to whole-body protein turnover, in growing and adult animals during ISS.
The liver comprises a substantial fraction of whole-body protein synthesis and its contribution to
whole-body protein synthesis increases with age (Goldspink and Kelly, 1984). In contrast, the
contribution of skeletal muscle to whole-body protein synthesis declines with age (Mulvaney et
al., 1985; Mays et al., 1991; Mosoni et al., 1993). Assuming that ISS induces a similar relative
increase in hepatic protein synthesis, and a similar relative decrease in muscle protein synthesis,
in both growing and adult animals, ISS is likely to produce different responses in whole-body
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protein turnover for these two different physiological states. Furthermore, in several studies,
especially those conducted in humans that examine the whole-body response to ISS, subjects are
often fasted or fed N-free diets, which implies that the effects of ISS on whole-body protein
turnover are confounded with the level of energy and protein intake (Long et al., 1977; Fong et
al., 1994). Although no statistical comparison was made, it should be noted that whole-body
protein synthesis was lower in CON pigs in the challenge relative to the pre-challenge period.
This may in part be explained by the lower level of feed intake, which can alone decrease wholebody and tissue protein synthesis (Reeds et al., 1980; Cherel et al., 1991), but also appears to be
additive with the effect of ISS (Ash and Griffin, 1989).

Nonetheless, ISS resulted in a

substantial reduction in PD, which can be attributed to a larger reduction in whole-body protein
synthesis than degradation. The observed decline in PD is in agreement with previous studies
conducted in pigs, humans, and rats (Long et al., 1977; Fong et al., 1994; Dickerson et al., 1995;
Williams et al., 1997; Daiwen et al., 2008; Litvak et al., 2013; Rakhshandeh et al., 2014). These
observations support the need to understand treatment effects on both whole-body and tissue
protein synthesis and degradation in order to manipulate PD and, ultimately, animal productivity.
During ISS, and when the effect of a potential imbalance among BCAA is minimal and
therefore would not limit PD (Chapter 4), dietary Leu supplementation did not affect whole-body
protein synthesis or degradation. The lower rate of whole-body PD in ISS+ pigs points towards
a broad resistance to anabolic stimuli, such as insulin, energy, and AA. However, the exclusive
ability of Leu to modulate muscle protein turnover during ISS appears to be blunted (Hasselgren
et al., 1988a), which is likely mediated through a disruption in mTORC1 signalling (Lang and
Frost, 2005; Kazi et al., 2011; Laufenberg et al., 2014). Therefore, the amount of Leu needed to
fully stimulate muscle protein synthesis or suppress muscle protein degradation appears to be
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increased during ISS. Moreover, the period of anabolic resistance to Leu after the onset of ISS is
unclear, but is likely to depend on the duration (i.e., acute or chronic) and severity of the
inflammatory insult (Vary, 2007), and vary among tissues during ISS. The current findings
suggest that, during the first 36 h following the onset of ISS, pigs were insensitive to the amount
of Leu provided in LEU-M and LEU-H diets, which did not elicit a response in whole-body
protein synthesis or degradation.
In summary, the current study shows that whole-body protein synthesis and degradation
in healthy starter pigs are decreased by dietary Leu supplementation in a dose-dependent manner.
The absence of a linear increase in PD with increased Leu intake during the pre-challenge period
may be attributed to a Leu-induced increase in whole-body BCAA catabolism, resulting from an
imbalance among BCAA. Although whole-body protein synthesis and PD are reduced during
ISS, there was no effect of dietary Leu supplementation on either whole-body protein synthesis
or degradation and PD. The current study suggests that Leu supplementation has a long-term
effect on whole-body protein turnover in healthy starter pigs, which can be attributed to a
reduction in whole-body protein degradation. Further investigation of tissue protein turnover
and whole-body energy metabolism in pigs supplemented with Leu is warranted. Overall, the
effects of Leu intake on protein turnover and PD should be considered when optimizing feeding
programs for starter pigs.
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Table 5.1. Aspects of whole-body protein flux (mmol N/kg BW/d) in pigs fed increasing levels of dietary SID Leu above the
estimated SID Leu: Lys ratio for PD during the 72-h pre-challenge period1.
Treatment2
P-value
Item
CON
LEU-M
LEU-H
SE Treatment
Linear3
Number of animals
13
8
7
Initial BW, kg
14.5
14.6
14.2
a
ab
Protein flux
325
292
277b
14
0.025
0.011
a
b
ab
Digestible N intake
92.1
89.3
91.8
0.9
0.023
0.765
4
a
b
ab
Urinary N excretion
15.7
19.5
17.2
1.2
0.038
0.310
Ammonia N excretion
3.35
3.51
3.48
0.30
0.894
0.737
a
b
ab
Urea N excretion
12.4
16.3
13.5
1.2
0.042
0.484
a
ab
b
Protein synthesis
309
273
260
14
0.024
0.012
a
ab
b
Protein degradation
233
203
185
14
0.027
0.011
5
a
b
a
PD
76.4
69.8
74.6
1.2
<0.001
0.240
6
a
b
a
PD
77.4
69.6
76.5
1.7
0.002
0.687
7
a
ab
b
Protein synthesis: PD
4.04
3.89
3.48
0.16
0.032
0.010
1
Values are least-squares means ± pooled SE. Labelled means in a row without a common letter differ, P < 0.05. Abbreviations
used: BW; body weight; N, nitrogen; PD, whole-body protein deposition; SID, standardized ileal digestible.
2
CON = 1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEU-M = 2.04% SID Leu (SID Leu: Lys = 150); LEU-H = 2.72% SID
Leu (SID Leu: Lys = 200).
3
P-value for the linear effect of increasing SID Leu: Lys on aspects of whole-body protein flux.
4
Sum of urinary urea-N and ammonia-N excretion.
5
Calculated as (Protein synthesis – Protein degradation).
6
Calculated from N-balance (Chapter 4).
7
Calculated as Protein synthesis / PD, (mmol N/kg BW)/ (mmol N/kg BW).
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Table 5.2. Aspects of whole-body protein flux (mmol N/kg BW/d) in pigs fed increasing levels of dietary SID Leu above the
estimated SID Leu: Lys ratio for PD during the 36-h challenge period1.
Treatment2
P-value
CON
CON
LEU-M
LEU-H
Item
ISSISS+
ISS+
ISS+
SE
ISS3
Linear4
Number of animals
6
7
8
5
Initial BW, kg
14.8
14.3
14.6
14.2
Protein flux
219
203
192
193
11
0.282
0.473
Digestible N intake
81.2
78.9
76.0
77.6
1.9
0.400
0.623
5
a
b
b
b
Urinary N excretion
16.3
33.9
28.5
28.4
2.8
<0.001
0.150
a
b
b
b
Ammonia N excretion
3.16
4.19
4.04
3.71
0.34
0.036
0.297
a
b
b
b
Urea N excretion
13.5
29.8
27.3
26.1
2.6
<0.001
0.288
Protein synthesis
203
169
164
164
12
0.045
0.723
Protein degradation
138
124
116
115
11
0.380
0.549
6
a
b
b
b
PD
64.9
45.0
47.5
48.4
2.9
<0.001
0.395
7
a
b
b
b
PD
65.7
45.1
40.4
43.9
3.5
<0.001
0.798
8
Protein synthesis: PD
3.16
4.20
3.70
3.64
0.35
0.040
0.244
1
Values are least-squares means ± pooled SE. Labelled means in a row without a common letter differ, P < 0.05. BW; body
weight; ISS, immune system stimulation; N, nitrogen; PD, whole-body protein deposition; SID, standardized ileal digestible.
2
CON = 1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEU-M = 2.04% SID Leu (SID Leu: Lys = 150); LEU-H = 2.72% SID
Leu (SID Leu: Lys = 200); ISS-: single injection of sterile saline at the start of the challenge period; ISS+: single injection of
Escherichia coli lipopolysaccharide at the start of the challenge period.
3
P-value for the contrast between ISS- and ISS+ pigs fed CON.
4
P-value for the linear effect of increasing SID Leu: Lys in ISS+ pigs on aspects of whole-body protein flux.
5
Sum of urinary urea-N and ammonia-N excretion.
6
Calculated as (Protein synthesis – Protein degradation).
7
Calculated from N-balance study (Chapter 4).
8
Calculated as Protein synthesis / PD, (mmol N/kg BW)/ (mmol N/kg BW).
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Figure 5.1. Urinary 15N excretion in urea and ammonia (µmol 15N/12 h) in starter pigs during a
108-h continuous infusion of 15N-Gly (72-h pre-challenge period, n = 6; 36-h challenge period).
Values are least-squares means ± pooled SE; dietary treatment was not considered in this
analysis. Immune system stimulation was induced with a single intramuscular injection of LPS
at 72 h (ISS+, n = 4); the remaining pigs were administered sterile saline (ISS-, n = 2).
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CHAPTER 6. EFFECTS OF DIETARY LEUCINE SUPPLEMENTATION AND
IMMUNE SYSTEM STIMULATION ON PLASMA AMINO ACID CONCENTRATIONS
AND TISSUE PROTEIN SYNTHESIS IN STARTER PIGS
6.1. Abstract
Immune system stimulation (ISS) adversely affects normal protein and amino acid (AA)
metabolism and reduces productivity in growing pigs.

Leucine has been reported to have

regulatory roles in skeletal muscle protein synthesis, which may be affected by ISS. The
objective of this study was to evaluate the effects of ISS and dietary Leu supplementation on the
fractional synthesis rate (FSR) of various tissues in starter pigs. A total of 28 growing Yorkshire
barrows (initial body weight [BW] = 14.46 ± 0.73 kg) were surgically fitted with jugular vein
catheters. Following surgery, pigs were housed individually in metabolism crates and were
adapted to one of three dietary treatments: 1. CON, 1.36% standardized ileal digestible (SID)
Leu (SID Leu: Lys = 100 [% Lys]; n = 13); 2. LEU-M, 2.04% SID Leu (SID Leu: Lys = 150; n
= 8); and 3. LEU-H, 2.72% SID Leu (SID Leu: Lys = 200; n = 7). The diets were isoenergetic
and isonitrogenous and contained all essential AA at or above the estimated AA: Lys ratios for
PD. Pigs were fed every 4 h according to their BW and adjusted to treatments for 10 d prior to a
36-h challenge period. At the start of the challenge period, ISS was induced in all LEU-M and
LEU-H pigs and half of CON pigs with a single intramuscular injection of bacterial
lipopolysaccharide (LPS; 30 µg·kg-1 BW; ISS+; n = 7, 8, and 7 for CON, LEU-M, and LEU-H
pigs, respectively); the remaining CON pigs were injected with saline (ISS-; n = 6). During the
challenge period, feed intake of CON pigs injected with saline was kept equal to pigs challenged
with LPS, and blood was collected every 12 h for AA analysis. At the end of the challenge
period, fractional synthesis rate of liver, plasma, gastrocnemius, and longissimus dorsi (LD)
proteins were determined with an intravenous infusion of a flooding dose of L-[ring-2H5]-Phe
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(40 mol %) administered 1 h after feeding. After 35 min, pigs were euthanized and tissue
samples were collected. Plasma AA concentrations were increased at 12 h post-challenge and
approached pre-ISS levels by 36 h post-challenge. Liver protein FSR was increased in ISS+ pigs
(P < 0.05), whereas plasma and skeletal muscle protein FSR was not affected by ISS (P > 0.10).
Dietary Leu supplementation decreased liver protein FSR (P = 0.052) and increased
gastrocnemius protein FSR (P = 0.085) in ISS+ pigs; LD protein FSR was higher in LEU-M than
CON pigs during ISS (P = 0.072). These results suggest that substantial changes in tissue
protein metabolism occurred at 12 h after ISS was induced and dietary Leu supplementation may
support repartitioning of AA from visceral to peripheral protein deposition during ISS.

6.2. Introduction
The negative impact of infection and inflammation on animal growth and productivity is
driven by distinct modifications in whole-body protein and amino acid (AA) metabolism. These
changes are mediated by pro-inflammatory cytokines that function in part to regulate protein
synthesis and degradation in a tissue-specific manner. In general, immune system stimulation
(ISS) leads to a decrease in skeletal muscle protein synthesis and increases in muscle protein
degradation and visceral protein synthesis, which, together, contribute to an overall lower rate of
whole-body protein deposition (PD) and body weight gain in growing animals. During ISS, AA
release from skeletal muscle and uptake in the liver are both elevated, indicating that the flux of
endogenously released AA is increased to support the immune response through hepatic
gluconeogenesis and acute phase protein (APP) synthesis is beneficial. While such short-term
changes in AA partitioning are beneficial for mounting an immune response, prolonged
alterations are undesirable as it negatively affects whole-body N utilization for PD.
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The principal function of AA is to serve as substrates for protein synthesis. Among the
essential AA (EAA), Leu is a potent regulator of protein synthesis in skeletal muscle and other
tissues through its effect on the mammalian target of rapamycin complex 1 (mTORC1)
signalling pathway (Garlick, 2005).

As a result of its ability to integrate environmental,

hormonal, and nutritional signals, mTORC1 is as much subject to positive regulation by Leu as it
is to both direct and indirect negative regulation by pro-inflammatory cytokines (Frost and Lang,
2011). In general, mTORC1 activity is decreased in skeletal muscle and increased in the liver
during ISS, which appears to mirror the changes in protein synthesis in these tissues. Immune
system stimulation may produce a specific and short-term Leu resistance in skeletal muscle that
impairs the ability of this AA to stimulate translation initiation and protein synthesis through
mTORC1 (Lang and Frost, 2004; Lang and Frost, 2005).
We previously determined dietary Leu supplementation reduced whole-body protein
turnover in healthy pigs, but had no affect during ISS (Chapter 5). However, the contribution of
visceral and peripheral tissues to whole-body protein turnover should be considered.

The

objective of the current study was to evaluate the effects of ISS and dietary Leu supplementation
on the fractional synthesis rate (FSR) of protein in various tissues with a flooding dose of partly
labeled L-Phe in starter pigs. We hypothesized that the reduction in skeletal muscle protein
synthesis during ISS can be attenuated by dietary Leu supplementation.

6.3. Materials and Methods
All procedures in the current study were conducted according to the Canadian Council on
Animal Care (CCAC, 2009) and were approved by the University of Guelph Animal Care
Committee.

85

6.3.1. Animals, diets, and treatments
The pigs used in the current study were the same animals as those described in Chapter 4.
Briefly, starter Yorkshire barrows underwent surgical insertion of jugular vein catheters for serial
blood collection (de Lange et al., 1989) and were housed individually in metabolism crates that
allowed for separate collection of feed refusals, feces, and urine (Möhn et al., 2000). Pigs were
randomly assigned to one of three dietary treatments: 1) CON, 1.36% standardized ileal
digestible (SID) Leu (SID Leu: Lys = 100 [% Lys]); 2) LEU-M, 2.04% SID Leu (SID Leu: Lys
= 150); or 3) LEU-H, 2.72% SID Leu (SID Leu: Lys = 200; Table 4.1), and fed every 4 h, as
described previously (Chapter 4).
The experimental period consisted of a 36-h challenge period.

At the start of the

challenge period, ISS was induced in all pigs fed the LEU-M and LEU-H diets and half of the
pigs fed the CON diet with a single intramuscular injection of Escherichia coli
lipopolysaccharide (LPS; 30 µg/kg BW; strain 055:B5; Sigma-Aldrich Canada Co., Oakville,
ON; ISS+; n = 7, 8, and 7 for CON, LEU-M, and LEU-H pigs, respectively). The remaining
pigs on the CON diet were injected with an equal volume of sterile saline (ISS-; n = 6). During
the challenge period, feed intake of CON pigs injected with saline was kept equal to pigs injected
with LPS, as described previously (Chapter 4). Prior to the start of the challenge period, blood
was collected from 4 pigs per dietary treatment hourly over a 4-h interval between meals for
plasma insulin analysis. During the challenge period, blood was collected every 12 h at 0, 12,
24, and 36-h after ISS was induced for determining plasma AA and urea-N concentrations. At
the end of the challenge period, pigs were euthanized by a lethal intravenous injection of sodium
pentobarbital (0.3 mL/kg BW; Schering-Plough Canada, Inc., Kirkland, QC).
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6.3.2. Phenylalanine infusion protocol
At the end of the challenge period, and 36-h after the LPS injection, FSR of various
tissues were measured with a flooding dose of L-[ring-2H5]-Phe (40 mol %; Cambridge Isotope
Laboratories, Inc., Tewksbury, MA). L-Phe and L-[ring-2H5]-Phe were dissolved in sterile saline
(0.9% NaCl; Baxter Canada, Alliston, ON) to a total L-Phe concentration of 1.50 mmol/kg BW.
Pigs were fed 1 h prior to the L-Phe infusion and were infused during a 10 min period with a
peristaltic infusion pump (SciQ 323S, Watson Marlow Brendel Pumps, Cornwall, England) at a
targeted infusion rate of 20 mL/min. Blood samples (6 mL) were collected into EDTA blood
collection tubes (BD Canada, Mississauga, ON) immediately before the start of the infusion and
5 min, 10 min, 20 min, and 30 min thereafter. For sampling at 5 min, the infusion was stopped
temporarily to avoid contamination of blood samples with the infusate. A final blood sample (20
mL) was taken at 35 min after the start of the infusion and pigs were immediately euthanized
with a lethal intravenous injection of sodium pentobarbital (0.3 mL/kg BW; Schering-Plough
Canada, Inc., Kirkland, QC). Tissue samples of the liver, longissimus dorsi muscle (LD), and
gastrocnemius muscle were quickly removed, thoroughly rinsed with ice-cold saline, blotted dry,
and snap-frozen in liquid nitrogen. The exact duration (min) of Phe incorporation into tissue
protein was recorded, from the start of the infusion to the time that samples were snap-frozen.
Plasma was separated from whole blood after centrifugation (1500  g at 4°C for 15 min) and
stored at -20°C until further analysis. Tissue samples were stored at -80°C until further analysis.

6.3.3. Sample preparation and analysis
Plasma free AA concentrations were analyzed using Ultra Performance Liquid
Chromatography and with Empower Chromatography Data Software (Waters Corporation,
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Milford, CT) according to Boogers et al. (2008).
Plasma insulin concentrations were determined by an enzyme-linked immunosorbent
assay (Human/Canine/Porcine Insulin Quantikine ELISA kit, R&D Systems, Inc., Minneapolis,
MN). The inter-assay CV was 6.9% and the minimum detection level was 0.88 pmol/L.
Plasma urea nitrogen (PUN) was analyzed using a commercial kit (Urea Nitrogen (BUN)
Liqui-UV Test (Rate), Stanbio Laboratory, Boerne, TX). Briefly, 10 µL of urea standard (30
mg/dL) or sample was added in duplicate into wells of a 96-well plate. After the addition of the
reagent, absorbance was measured immediately at 340 nm and one minute thereafter at 37°C
(Power Wave XS KC4, BIO-TEK Instruments, Inc., Winooski, VT).

Plasma urea N was

calculated as the ratio between the change in absorbance of sample and standard multiplied by
the concentration of the standard. The inter-assay CV was 1% and the minimum detection level
was 2.0 mg/dL.
Frozen tissue samples (0.15 g) were pulverized under liquid nitrogen using a mortar-andpestle, homogenized on ice in 4 mL of 2 M trichloroacetic acid (TCA; PowerGen 700D, Fisher
Scientific, Ottawa, ON) and subsequently centrifuged (3000  g at 4°C for 20 min). Plasma (0.5
mL) was added to 4 mL of 2 M TCA and centrifuged (3000  g at 4°C for 20 min). The
supernatants, containing either tissue- or plasma-free AA, were applied to a cation-exchange
resin (Dowex 50WX8 H+ form, 200 mesh; Sigma-Aldrich Canada, Oakville, ON), rinsed with 1
M acetic acid (2  2 mL), followed by distilled water (3  3 mL), and then eluted with NH4OH
(2  1.5 mL) and distilled water (1  1 mL). The pellet containing protein-bound AA was rinsed
with 2 M TCA (3  3 mL) and hydrolyzed in 3 mL of 6 M HCl for 24 h at 110°C in Pyrex tubes
with Teflon-lined screw caps and purged with nitrogen gas.

The hydrolysate was filtered

through 0.22-µm PVDF Millipore syringe filters (Fisher Scientific, Ottawa, ON) before being
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applied to the cation-exchange resin as described above for tissue- and plasma-free AA. Eluates
were stored at -20°C.
The isotopic enrichment of L-[ring-2H5]-Phe in plasma- and tissue-free and protein-bound
pool in the eluates was determined by gas chromatography-mass spectrometry (GC-MS) as the
tert-Butyldimethylsilyl derivative. Briefly, 40 µL (protein-bound AA) or 400 µL (plasma- and
tissue-free AA) of the eluate was dried under vacuum (Savant Universal SpeedVac Vacuum
System 400, Fisher Scientific, Ottawa, ON) and subsequently dried with methylene chloride
under nitrogen gas (2  250 µL). The residue was derivatized with 150 µL of acetonitrile and Ntert-Butyldimethylsilyl-N-methyltrifluoroacetamide mixture (5:1 v/v) for 30 min at 110°C.
Volatile compound analysis was performed with a GC-MS system (Bruker Ltd., Milton, ON)
that included a Scion 436 gas chromatograph interfaced with a Bruker triple quadrupole mass
spectrometer (MS) detector configured in electron impact mode.

Chromatography was

performed using a Bruker BR-5ms capillary column (30 m  0.25 mm  0.5 µm). The oven
temperature was held at 50°C for 2 min, raised to 290°C over 16 min (15°C/min), and held
constant for an additional 2 min, with a total chromatography run time of 20 min. The flow
through the column was held constant at 1 mL/min using He as the carrier gas. The injection
volume was 1 µL in split mode at 1:20 or 1:100, depending on the Phe concentration in the
samples. The injection temperature was 280°C and the transfer line temperature was 290°C.
The GC column was equilibrated for 5 min prior to each analysis. The MS was operated in
selective ion monitoring mode, monitoring 336 and 341 m/z at 250 msec scanning range for each
ion. The MS source temperature was 220°C and the MS quadrupole was 40°C. The data were
acquired in electron impact positive ionization mode at 70 eV and analyzed on Bruker MS
Workstation (version 8) software. The data were converted to percentage molar enrichment (mol
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%) using calibration curves prepared with purified L-[ring-2H5]-Phe (Cambridge Isotope
Laboratories, Inc., Tewksbury, MA). Calibration curves were prepared for a low level of molar
enrichment (0 – 1.5 mol %; protein-bound AA) and a high level of molar enrichment (0 – 30 mol
%; plasma- and tissue-free AA). To measure the repeatability of the GC-MS, the calibration
standards were run in six replicates.

6.3.4. Calculations and statistical analysis
Protein FSR was calculated according to Garlick et al. (1980):

FSR

E

1440 min d
E
t

100

Where FSR (%/d) is defined as the percentage of tissue protein synthesized in one day, E bound is
the isotopic enrichment (mol %) of L-[ring-2H5]-Phe in the protein-bound AA pool at time t, E
free

is the isotopic enrichment (mol %) of L-[ring-2H5]-Phe in the tissue-free AA pool at time t,

and t (min) is the incorporation time of L-Phe into the protein-bound AA pool from the start of
the infusion. Plasma protein FSR was calculated assuming that the precursor pool enrichment
was equivalent to that in the liver free AA pool.
Statistical analysis was conducted using the mixed model procedures of SAS (version
9.4; SAS Institute Inc., Cary, NC).

Plasma AA, urea-N, and insulin concentrations were

analyzed as repeated measures across time with treatment, sampling time, pig, and block as
sources of variation. Contrasts were constructed to assess the difference between ISS- and ISS+
pigs fed CON at 36 h post-challenge and to evaluate the linear relationship between the SID Leu:
Lys ratio and plasma AA and urea-N concentration in ISS+ pigs at 36 h post-challenge, and to
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evaluate the linear relationship between the SID Leu: Lys ratio and plasma insulin concentrations
at 1 h post-feeding. Isotopic enrichment and FSR results were analyzed for treatment effects
with block and pig as sources of variation; block and pig were considered random effects. When
a significant treatment effect was detected, differences among individual means were assessed
using the Tukey-Kramer post-hoc test. Contrasts were constructed to assess the difference
between ISS- and ISS+ pigs fed CON and to evaluate the linear relationship between the SID
Leu: Lys ratio and tissue protein FSR in ISS+ pigs. In all analyses, individual pigs were the
experimental unit. Results are expressed as least square means ± standard error. Significance
was accepted at P < 0.05 and probabilities between 0.05 and 0.10 were accepted as trends.

6.4. Results
Prior to surgery, all pigs appeared healthy and readily consumed their daily feed
allowance. The pigs recovered from surgery without complication and returned to pre-surgery
feeding levels within 24 h after surgery. In general, ISS+ pigs recovered to at about 75% of their
pre-challenge period feeding levels by 15 h after the LPS injection; this feeding level was
maintained for the remainder of the challenge period (Chapter 4). However, four pigs were
removed prior to administration of the flooding dose (Chapter 4) and therefore were not included
in the analysis.
During the challenge period, there was an interactive effect between treatment and time
after ISS for all plasma AA concentrations (P < 0.05) except for Asp, Cys, Glu, and Gly (Table
6.1 for EAA; Table 6.2 for non-essential amino acids [NEAA]). In general, AA and PUN in
ISS+ pigs peaked 12 h after ISS was induced and approached baseline levels 36 h thereafter,
whereas there were no changes in AA (Figure 6.1) or PUN (Figure 6.2) concentrations over
time in ISS- pigs (P > 0.10). Plasma Leu concentration was not affected by the SID Leu: Lys
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ratio (P > 0.10), whereas there were linear decreases in plasma Gln, Ile, Val, and PUN
concentrations with increasing SID Leu: Lys, at 36 h in ISS+ pigs (P < 0.05). There was no
effect of diet on plasma insulin concentrations (P > 0.10), whereas there was a linear increase in
plasma insulin concentration with increasing SID Leu: Lys at 1 h post-feeding (P < 0.01; Figure
6.3).
Mean plasma free Phe enrichment over the course of the infusion for all pigs is illustrated
in Figure 6.4. There was no treatment effect on plasma free Phe enrichment (P > 0.10). Plateau
Phe enrichment was reached by 5 min after the start of the infusion and was maintained
thereafter.
The treatment mean isotopic enrichments of free and protein-bound Phe in plasma and
tissues are presented in Table 6.3.

The enrichment of free Phe in the liver, LD, and

gastrocnemius ranged from 92 to 102% of that in plasma, respectively, indicating that isotope
tracer flooding conditions of various tissues were successfully attained. Treatment effects on
plasma and tissue protein FSR are presented in Table 6.4. There was no effect of either ISS or
the SID Leu: Lys ratio on plasma protein FSR (P > 0.10). Immune system stimulation increased
liver protein FSR (P < 0.05), whereas liver protein FSR tended to decrease with increasing SID
Leu: Lys in ISS+ pigs (P = 0.052). There was no effect of ISS on gastrocnemius and LD protein
FSR (P > 0.10), but gastrocnemius protein FSR tended to increase with increasing SID Leu: Lys
in ISS+ pigs (P = 0.085). Longissimus dorsi protein FSR tended to be higher in LEU-M than
CON pigs during ISS (P = 0.072).

6.5. Discussion
The main objective of the current study was to evaluate the effect of dietary Leu
supplementation on tissue protein synthesis rates during LPS-induced and short-term ISS; the
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effects on plasma AA, urea-N, and insulin levels were also assessed.

Immune system

stimulation is defined by profound alterations in whole-body and tissue protein metabolism,
especially in skeletal muscle and in the liver, in order to support the immune response. Leucine
is a potent nutritional signal that directly acts on the mTORC1 signalling pathway regulating
protein synthesis, largely independent of other AA (Kimball and Jefferson, 2006). Skeletal
muscle in particular is sensitive to Leu as an anabolic stimulus, but other tissues can respond as
well (Torrazza et al., 2010). It has been suggested that the ability of Leu to increase protein
synthesis in skeletal muscle is blunted during ISS (Lang and Frost, 2004; Lang and Frost, 2005),
largely through disruptions in the mTORC1 signalling pathway and changes in AA transporter
expression (Kazi et al., 2011; Laufenberg et al., 2014).
In Chapters 4 and 5, we established that dietary Leu supplementation resulted in a linear
reduction in whole-body protein synthesis and degradation in healthy pigs, but did not affect any
aspect of whole-body protein turnover during ISS. However, Leu may elicit different responses
in visceral and peripheral tissues during ISS. Therefore, rates of tissue protein synthesis in pigs
fed Leu above the estimated SID Leu: Lys ratio for PD were determined with a flooding dose of
L-[2H5-ring]-Phe, 36 h after ISS induced by a single intramuscular LPS injection (NRC, 2012).
Based on previous studies, LPS-induced ISS produces a predictable response immediately
following the initial LPS injection, while avoiding the potential to develop tolerance to LPS
(Rakhshandeh and de Lange, 2012).
In the current study, and based on 12-h sampling intervals, plasma total amino acids
(TAA), EAA, NEAA, and BCAA concentrations were largely constant over time in ISS- pigs.
Conversely, TAA, EAA, NEAA, and BCAA peaked in ISS+ pigs 12 h after ISS, even though
feed intake patterns were kept identical for ISS- and ISS+ pigs. Lysine and BCAA were the
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largest contributors to the increase in plasma EAA concentrations in ISS+ pigs. Among the
NEAA, concentrations of Ala and Gln, which are important substrates for hepatic
gluconeogenesis and serve as an energy and nitrogen source for leukocytes (Oehler and Roth,
2003), were substantially higher in ISS+ pigs. Plasma Gly concentration, however, was not
elevated in ISS+ pigs 12 h after ISS was induced, but was decreased at 24 and 36 h. These
results are in agreement with Bruins et al. (2003) who demonstrated that arterial plasma
concentrations of Ala and Gln, along with the release of Ala and Gln from skeletal muscle, were
increased in pigs during endotoxemia. Although Bruins et al. (2003) observed no change in
arterial plasma BCAA or Gly concentrations, increased release of these AA from skeletal muscle
and uptake by the liver suggests that BCAA and Gly are utilized extensively by visceral tissues
during ISS. Conversely, Garcia-Martínez et al. (1993) reported a specific decrease in the blood
concentrations of most gluconeogenic and branched-chain AA in rats starting 2 h after LPS
administration. This discrepancy may be due to a rapid increase in whole-body utilization of
these AA before muscle protein degradation is increased in order to increase the supply of these
AA to visceral tissues (Garcia-Martinez et al., 1993). In the current study, the observed pattern
of plasma AA concentrations over time indicates that substantial modifications in tissue protein
metabolism occurred at 12 h after ISS was induced. It is likely that the largest ISS-associated
changes in tissue protein synthesis occurred at this time and when feed intake was most severely
reduced, rather than at 36 h when tissue protein synthesis rates were measured. Given the low
level of feed intake at 12 h following ISS, anticipated responses in tissue protein synthesis would
have been confounded with the low level of Leu intake. However, PD was lower (Chapter 5)
and PUN was higher (Figure 6.1) 36 h after ISS was induced, suggesting prolonged alterations in
protein and AA metabolism during ISS in this study.
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The negative linear effect of dietary Leu supplementation on plasma Ile and Val, but not
Leu, concentrations in ISS+ pigs at 36 h implies a specific increase in Leu utilization in LEU-H
pigs. Although the exact fate of Leu in this study could not be determined, Leu is an essential
nitrogen donor for Ala and Gln synthesis in skeletal muscle (Ruderman and Berger, 1974) and in
rats, LPS increases muscle Gln release and Gln synthetase activity, with no change in
glutaminase activity (Austgen et al., 1992). The linear decline in PUN concentrations with
dietary Leu supplementation in ISS+ pigs suggests increased utilization efficiency of AA for PD.
In the current study, rates of tissue protein synthesis were determined with a flooding
dose of L-Phe. The flooding dose method minimizes differences in isotopic enrichment between
extracellular, intracellular, and the true precursor pool (aminoacyl-tRNA), and minimizes
potential errors associated with AA tracer recycling from protein pools that have high turnover
rates (Davis and Reeds, 2001). Among EAA, Phe has been reported to have no direct or indirect
effect on tissue protein synthesis (Garlick et al., 1980; Nyachoti et al., 1998; Bregendahl et al.,
2004). Due to the small pool size of Phe in the pig, a flooding dose of Phe that is partly labeled
facilitates flooding conditions. Analysis of plasma free Phe enrichment over time demonstrated
that plateau enrichment was rapidly attained and maintained throughout the period of tracer
incorporation into the various protein pools. Moreover, Phe enrichment in the tissue free pools
ranged from 92 to 102% relative to plasma free Phe enrichment, further indicating that adequate
flooding was achieved.

Although a time course of tissue-free Phe enrichment was not

established, it may be assumed that Phe enrichment was constant as well (Bregendahl et al.,
2004). Based on these considerations, it is appropriate to assess the effect of treatment on
protein synthesis rates in the various protein pools.
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The observed rates of gastrocnemius and LD protein FSR in the current study are lower
compared to several previous studies in pigs (Bregendahl et al., 2008; Torrazza et al., 2010;
Litvak et al., 2013). It should be noted that in these studies, skeletal muscle protein FSR was
measured in either newborn or weaned pigs, at an average BW no greater than 10 kg. In the
current study, however, skeletal muscle protein FSR was measured at an average BW of 18.2 kg.
Given the substantial decline in skeletal muscle protein synthesis with age in pigs (Mulvaney et
al., 1985; Davis et al., 1996), this discrepancy may be explained to some extent by an age-related
decline. Moreover, when considering studies that determined skeletal muscle protein synthesis
in pigs with similar body weights to the current study, the observed rates are largely in
agreement (Mulvaney et al., 1985; Watt et al., 1992).
In the current study, there was no significant effect of ISS on gastrocnemius or LD
protein FSR. This observation contrasts with previous studies in pigs and rats that demonstrate
substantial reductions in skeletal muscle protein synthesis in response to ISS, induced by either
LPS (Orellana et al., 2002; Bruins et al., 2003; Lang and Frost, 2004), sepsis (Breuille et al.,
1998; O’Leary et al., 2001; Lang and Frost, 2005; Laufenberg et al., 2014), or pro-inflammatory
cytokines (Cooney et al., 1996; Lang et al., 2002). Despite an initial decline during the acute
phase of sepsis, a normal rate of gastrocnemius protein synthesis was restored in rats during the
chronic phase (Breuille et al., 1998). However, gastrocnemius protein mass continued to decline,
which indicates prolonged elevation in the rate of skeletal muscle protein degradation, rather
than reduced synthesis. Based on the observed changes in plasma AA concentrations, it is
possible that changes in muscle protein FSR are already diminished at 36 h after ISS was
induced. Skeletal muscle PD contributes to at least 50% of whole-body PD in pigs (Mahan and
Shields, 1998), and whole-body PD in ISS+ pigs was lower during the challenge period (Chapter
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4; Chapter 5). Therefore, the observed reduction in whole-body PD in part may be due to greater
skeletal muscle protein degradation, assuming that any decrease in skeletal muscle protein
synthesis was transient. The lack of a consistent response of skeletal muscle protein synthesis to
ISS may also be attributed to the lower sensitivity of muscles with a slow-twitch fibre
composition (e.g., LD) to ISS-induced changes in protein synthesis (Vary and Kimball, 1992).
Studies using different models of ISS have shown that hepatic protein synthesis is
generally increased during ISS, accounting for an increase in the synthesis rate of both structural
and secreted proteins (Vary and Kimball, 1992). In the current study, we observed a 16%
increase in liver protein FSR in ISS+ pigs with no corresponding increase in plasma protein FSR.
The observed rates of liver and plasma protein synthesis are similar to rates reported previously
in pigs (Bregendahl et al., 2004; Bregendahl et al., 2008), and support the key role of the liver in
whole-body protein metabolism during ISS (Hasselgren et al., 1988b; Breuille et al., 1994).
Bruins et al. (2003) also demonstrated an increase in liver protein synthesis in pigs during an
LPS infusion, but it should be noted that the increased rate of Val utilization, which they used to
estimate liver protein synthesis, may in part be due to increased hepatic BCAA oxidation during
ISS (García-Martínez et al., 1995). Conversely, Litvak et al. (2013) reported no effect of ISS on
liver protein FSR in pigs, but showed an increase in plasma protein FSR. In the current study,
there was a significant reduction in plasma albumin concentration (Chapter 4), which may negate
the contribution of an ISS-induced increase in albumin protein enrichment to total plasma protein
enrichment. At the same time, the concentration of other APP (e.g., fibrinogen, haptoglobin)
may not have increased to the extent observed in Litvak et al. (2013). Finally, the variability
between studies in the relative increases in liver protein synthesis during ISS appears to be due to
the duration and severity of ISS.

The increase in liver protein synthesis during acute
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endotoxemia ranges between 25 and 40% (Jepson et al., 1986; Orellana et al., 2004; Orellana et
al., 2007), whereas it can increase up to 100% and remain elevated throughout prolonged periods
of sepsis (Vary and Kimball, 1992; Breuille et al., 1998).
Inflammation-induced anabolic resistance to Leu in skeletal muscle is largely mediated
through alterations in the mTORC1 signalling pathway (Lang and Frost, 2005; Kazi et al., 2011).
In the adult rat, skeletal muscle remains resistant to Leu during acute endotoxemia and sepsis
(Lang and Frost, 2004; Lang and Frost, 2005; Laufenberg et al., 2014), but some sensitivity is
recovered during prolonged sepsis (Vary, 2007). This suggests that the mechanisms of ISSinduced anabolic resistance may vary depending on the disease model and physiological state of
the animal. However, there is limited information available on the ability of Leu to modulate
tissue protein synthesis past the short-term metabolic response characteristic of acute
endotoxemia. For these reasons, we anticipated that dietary Leu supplementation may modulate
skeletal muscle and liver protein synthesis in starter pigs during ISS. In the current study, there
was a linear increase in gastrocnemius protein FSR with dietary Leu supplementation, and a
marginal increase in LD protein FSR from CON to LEU-M pigs, during ISS. This result leads to
two distinct possibilities. First, resistance of skeletal muscle to Leu is transient and does not
persist longer than 36 h; second, skeletal muscle is still resistant to Leu, but the amount of
dietary Leu supplied to LEU-M and LEU-H pigs exceeded a threshold needed to elicit a response
in protein synthesis. Since gastrocnemius and LD protein FSR was not reduced in ISS+ pigs, it
is more likely that skeletal muscle resistance to Leu was transient. However, skeletal muscle
protein in the newborn pig is sensitive to AA and Leu during acute endotoxemia (Orellana et al.,
2007; Hernandez-Garcia et al., 2015a), which supports the possibility that dietary Leu
supplementation may improve skeletal muscle protein synthesis during ISS. Leucine may also
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augment skeletal muscle protein synthesis indirectly through acute stimulation of pancreatic
insulin secretion (Yang et al., 2010). In the current study, the insulin response to feeding was
largest in pigs provided supplemental Leu. Insulin has been reported to increase skeletal muscle
protein synthesis in pigs and rats (Garlick et al., 1983; Davis et al., 2001) and skeletal muscle
remains sensitive to insulin in neonatal pigs following and LPS challenge (Orellana et al., 2007b;
Orellana et al., 2008). Finally, Leu appears to reduce the expression of muscle-specific ubiquitin
protein ligases, which may blunt muscle protein degradation (Hernandez-Garcia et al., 2015b).
Since gastrocnemius and LD protein synthesis were not determined before ISS was induced, we
are not able to conclude that skeletal muscle protein was fully sensitive to Leu.
In the current study, liver protein FSR tended to decline with dietary Leu
supplementation in ISS+ pigs. In newborn pigs, liver protein synthesis is largely unaffected by
dietary Leu supplementation (Torrazza et al., 2010; Columbus et al., 2015) and insulin
(O’Conner et al., 2004). Despite increasing skeletal muscle protein synthesis, AA administration
did not further augment the ISS-induced increase in liver protein synthesis in newborn pigs
(Orellana et al., 2007).

These results suggest that the liver is insensitive to Leu-induced

anabolism, and that Leu may in fact suppress liver protein synthesis during ISS. Since plasma
protein FSR was not affected by dietary Leu supplementation, it appears that the ability of the
pig to respond to an inflammatory insult through the synthesis of APP is not blunted. Instead,
the lower rate of liver protein synthesis may indicate increased AA availability for skeletal
muscle protein synthesis and PD. Considering that the regulation of mTORC1 signalling differs
between skeletal muscle and liver protein during ISS (Kimball et al., 2003), it is possible that
Leu elicits distinct responses in these tissues as well. The apparent increase in skeletal muscle
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protein synthesis and decrease in liver muscle protein suggests that dietary Leu supplementation
may support repartitioning of AA from visceral to peripheral PD during ISS.
The results of the current study show that ISS resulted in acute increases in plasma AA
concentrations that largely reflect changes in tissue protein synthesis and degradation. However,
long-term changes in plasma BCAA concentrations may be due to Leu-induced elevated rates of
BCAA catabolism, which is further exacerbated by ISS.

Although no reduction in

gastrocnemius and LD protein synthesis was observed, liver protein synthesis was increased 36 h
after ISS was induced.

Dietary Leu supplementation appeared to exploit the differential

regulation of skeletal muscle and liver protein synthesis during ISS. The reduction in liver
protein synthesis and increase in skeletal muscle protein synthesis in response to dietary Leu
supplementation may facilitate AA utilization in skeletal muscle for PD, but the effect of Leu on
protein degradation in these tissues should also be considered. The optimum SID Leu: Lys ratio
to minimize visceral PD and maximize skeletal muscle PD during ISS should be determined in
order to optimize AA nutrition for pigs.
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Table 6.1. Plasma EAA concentrations (µmol/L) in ISS- and ISS+ pigs fed increasing levels of dietary SID Leu above the estimated SID Leu:
Lys ratio for PD during the 36-h challenge period1.
Treatment2

P-value

CON
CON
LEU-M
LEU-H
Item
ISSISS+
ISS+
ISS+
SE
ISS3
Linear4
Number of
6
7
8
7
animals
Time during
0
12
24
36
0
12
24
36
0
12
24
36
0
12
24
36
ISS, h
70
62
75
84
82 121 83
72
80 105 71
62 105 127 74
64
10
His
0.698
0.517
191 174 161 175 189 160 165 201 85 150 117 83 101 152 69
62
14
Ile
0.173
<0.001
139 182 144 140 146 265 162 147 195 263 245 193 326 331 172 195 29
Leu
0.873
0.208
152 149 176 171 157 378 312 228 152 280 267 175 212 329 181 160 32
Lys
0.189
0.106
62
49
66
64
78
91
86
65
64
76
72
53
75
87
49
46
9
Met
0.957
0.099
112 108 128 134 106 201 151 100 115 184 152 87 135 208 126 97
13
Phe
0.053
0.876
267 241 271 300 329 378 253 198 277 294 201 158 392 393 185 161 38
Thr
0.054
0.460
48
42
51
48
55
41
45
33
49
37
42
30
61
47
34
30
5
Trp
0.015
0.622
257 283 256 264 259 389 330 301 129 338 240 130 185 368 185 106 29
Val
0.351
<0.001
1
Values are least-squares means ± SE. SE is based on repeated measures analysis across time (largest value selected). Abbreviations used:
EAA, essential amino acid; ISS, immune system stimulation; PD, whole-body protein deposition; SID, standardized ileal digestible.
2
CON = 1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEU-M = 2.04% SID Leu (SID Leu: Lys = 150); LEU-H = 2.72% SID Leu (SID
Leu: Lys = 200); ISS+: single intramuscular injection of Escherichia coli lipopolysaccharide; ISS-: single intramuscular injection of sterile
saline.
3
P-value for the contrast between ISS- and ISS+ pigs fed CON at 36 h.
4
P-value for the linear effect of increasing SID Leu: Lys in ISS+ pigs on plasma EAA concentrations at 36 h.
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Table 6.2. Plasma NEAA (µmol/L) concentrations in ISS- and ISS+ pigs fed increasing levels of dietary SID Leu above the estimated SID Leu:
Lys ratio for PD during the 36-h challenge period1.
Treatment2

P-value

CON
CON
LEU-M
LEU-H
Item
ISSISS+
ISS+
ISS+
SE
ISS3
Number of
6
7
8
7
animals
Time during
0
12
24
36
0
12
24
36
0
12
24
36
0
12
24
36
ISS, h
Ala
514 481 487 621 560 1397 480 657 435 1078 399 454 464 1130 370 446 106 0.802
Asn
76
34
62
70
91
81
64
67
74
68
48
51
86
83
34
44
11
0.170
Asp
44
33
44
60
46
16
29
41
38
23
28
35
39
22
21
31
6
0.028
Arg
188 174 197 214 222 226 243 197 177 217 213 154 204 232 152 138 23
0.586
Cys
6
12
7
7
8
18
10
17
6
7
8
11
6
6
5
9
3
0.011
Gln
486 467 448 348 552 842 481 506 452 650 351 361 490 690 338 327 30
0.072
Glu
287 305 316 383 345 419 351 350 303 327 286 352 340 347 302 343 36
0.500
Gly
1069 1103 1021 1050 1160 1282 688 964 995 1093 681 960 1113 1201 682 966 114 0.581
Pro
276 262 275 313 298 536 315 319 274 412 276 282 322 457 242 271 40
0.920
Ser
128 144 144 159 139 229 143 146 143 209 134 134 163 244 125 139 18
0.583
Tyr
123
88
138 128 134 143 132 105 110 111 102 78
127 129
89
83
12
0.179
1
Values are least-squares means ± SE. SE is based on repeated measures analysis across time (largest value selected). Abbreviations
used: ISS, immune system stimulation; NEAA, non-essential amino acid; PD, whole-body protein deposition; SID, standardized ileal
digestible.
2
CON = 1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEU-M = 2.04% SID Leu (SID Leu: Lys = 150); LEU-H = 2.72% SID Leu (SID
Leu: Lys = 200); ISS+: single intramuscular injection of Escherichia coli lipopolysaccharide; ISS-: single intramuscular injection of sterile
saline.
3
P-value for the contrast between ISS- and ISS+ pigs fed CON at 36 h.
4
P-value for the linear effect of increasing SID Leu: Lys in ISS+ pigs on plasma NEAA concentrations at 36 h.
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Linear4

0.134
0.101
0.200
0.054
0.034
0.035
0.875
0.993
0.366
0.785
0.170

Table 6.3. Mean isotopic enrichment (mol %) of Phe in the free and bound pools of plasma and
tissue in ISS- and ISS+ pigs fed increasing levels of dietary SID Leu above the estimated SID
Leu: Lys ratio for PD1.
CON
ISS-

Treatment2
CON LEU-M
ISS+
ISS+

P-value
LEU-H
ISS+

Pool
Tissue
SE
ISS3
Linear4
Number of
animals
6
7
8
7
Free
Plasma
35.5
35.8
34.9
36.1
0.87
0.760
0.844
Liver
34.7
35.5
35.3
34.6
0.42
0.174
0.110
Gastrocnemius
32.6
33.3
33.0
32.4
0.41
0.229
0.129
LD
34.4
35.6
35.7
34.8
0.45
0.053
0.182
Bound
Plasma
0.30
0.30
0.29
0.27
0.023
0.772
0.433
a, x
b, xy
b, xy
b, xy
Liver
0.78
0.94
0.90
0.82
0.038
0.005
0.031
Gastrocnemius
0.042
0.039
0.042
0.051
0.006
0.707
0.129
xy
x
y
xy
LD
0.056
0.047
0.069
0.050
0.007
0.365
0.838
1
Values are least-squares means ± SE. Labelled means in a row without a common letter
differ, P < 0.05 (a, b), P < 0.10 (x, y). Abbreviations used: ISS, immune system stimulation; LD,
longissimus dorsi; PD, whole-body protein deposition; SID, standardized ileal digestible.
2
CON = 1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEU-M = 2.04% SID Leu (SID
Leu: Lys = 150); LEU-H = 2.72% SID Leu (SID Leu: Lys = 200); ISS-: single intramuscular
injection of sterile saline; ISS+: single intramuscular injection of Escherichia coli
lipopolysaccharide.
3
P-value for the contrast between ISS- and ISS+ pigs fed CON.
4
P-value for the linear effect of increasing SID Leu: Lys in ISS+ pigs on free or bound pool
Phe enrichment.

103

Table 6.4. Tissue protein fractional synthesis rates (%/d) in ISS- and ISS+ pigs fed increasing
levels of dietary SID Leu above the estimated SID Leu: Lys ratio for PD1.
Treatment2
CON
LEU-M
ISS+
ISS+

P-value

CON
LEU-H
Tissue
ISSISS+
SE
ISS3
Linear4
Number of
animals
6
7
8
7
Plasma
35.9
34.3
34.5
32.1
2.6
0.643
0.506
Liver
83.0
96.2
93.3
84.9
4.2
0.031
0.052
Gastrocnemius
4.32
3.94
4.18
5.17
0.52
0.603
0.085
xy
x
y
xy
LD
5.50
4.45
6.46
4.73
0.61
0.221
0.725
1
Values are least-squares means ± SE. Labelled means in a row without a common letter
differ, P < 0.05 (a, b), P < 0.10 (x, y). Abbreviations used: ISS, immune system stimulation; LD,
longissimus dorsi; PD, whole-body protein deposition; SID, standardized ileal digestible.
2
CON = 1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEU-M = 2.04% SID Leu (SID
Leu: Lys = 150); LEU-H = 2.72% SID Leu (SID Leu: Lys = 200); ISS-: single intramuscular
injection of sterile saline; ISS+: single intramuscular injection of Escherichia coli
lipopolysaccharide.
3
P-value for the contrast between ISS- and ISS+ pigs fed CON.
4
P-value for the linear effect of increasing SID Leu: Lys in ISS+ pigs on tissue protein FSR.
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Figure 6.1. Plasma TAA (A), EAA (B), NEAA (C), and BCAA (D) concentrations (µmol/L) over 36 h in pigs fed increasing levels of
dietary SID Leu above the estimated SID Leu: Lys ratio for PD during ISS. Values are least-squares means ± pooled SE; CON =
1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEU-M = 2.04% SID Leu (SID Leu: Lys = 150); LEU-H = 2.72% SID Leu (SID Leu:
Lys = 200). ISS was induced with a single intramuscular injection of Escherichia coli lipopolysaccharide (ISS+) at 0 h; ISS- pigs were
administered sterile saline. Abbreviations used: BCAA, branched-chain amino acids; EAA, essential amino acids; ISS, immune
system stimulation; NEAA, non-essential amino acids; PD, whole-body protein deposition; SID, standardized ileal digestible; TAA,
total amino acids.
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Figure 6.2. PUN concentrations (mg/dL) over 36 h in pigs fed increasing levels of dietary SID
Leu above the estimated SID Leu: Lys ratio for PD during ISS. Values are least-squares means ±
pooled SE; CON = 1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEU-M = 2.04% SID Leu
(SID Leu: Lys = 150); LEU-H = 2.72% SID Leu (SID Leu: Lys = 200). ISS was induced with a
single intramuscular injection of Escherichia coli lipopolysaccharide (ISS+) at 0 h; ISS- pigs
were administered sterile saline. * indicates P < 0.05 for the linear effect of increasing SID Leu:
Lys on PUN concentrations in ISS+ pigs. Abbreviations used: ISS, immune system stimulation;
PD, whole-body protein deposition; PUN, plasma urea nitrogen; SID, standardized ileal
digestible.
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Figure 6.3. Plamsa insulin concentrations (pmol/L) over 4 h relative to feeding in pigs fed
increasing levels of dietary SID Leu above the estimated SID Leu: Lys ratio for PD. Values are
least-squares means ± pooled SE; CON = 1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEUM = 2.04% SID Leu (SID Leu: Lys = 150); LEU-H = 2.72% SID Leu (SID Leu: Lys = 200). *
indicates P < 0.05 for the linear effect of increasing SID Leu: Lys on plasma insulin
concentration at 1 h after feeding. Abbreviations used: PD, whole-body protein deposition; SID,
standardized ileal digestible.
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Figure 6.4. Quantitative relationship between isotopic enrichment of L-[ring-2H5]-Phe in the
plasma free pool (mol %) and time (min) after an intravenous infusion of a flooding dose of Phe
in pigs fed increasing levels of dietary SID Leu above the estimated SID Leu: Lys ratio for PD.
Values are least-squares means ± pooled SE; CON = 1.36% SID Leu (SID Leu: Lys = 100 [%
Lys]); LEU-M = 2.04% SID Leu (SID Leu: Lys = 150); LEU-H = 2.72% SID Leu (SID Leu: Lys
= 200). ISS was induced with a single intramuscular injection of Escherichia coli
lipopolysaccharide (ISS+) at 0 h; the remaining pigs were administered sterile saline (ISS-).
Abbreviations used: ISS, immune system stimulation; PD, whole-body protein deposition; SID,
standardized ileal digestible.
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CHAPTER 7: CONCLUSIONS AND GENERAL DISCUSSION
Clinical and subclinical disease in commercial pig production has implications for wholebody protein and amino acid (AA) metabolism in pigs, and, accordingly, their productivity and
AA requirements.

The negative impact of inflammation associated with immune system

stimulation (ISS) on AA metabolism is mediated largely by pro-inflammatory cytokines.
Together, these cytokines coordinate an inflammatory response where AA from the diet or
released from labile protein pools, especially skeletal muscle, are directed to visceral organs
where they are utilized for gluconeogenesis and the synthesis of acute phase proteins (APP) and
other immune system-related metabolites (Li et al., 2007).

Amino acids in excess of

requirements for body protein deposition (PD) and synthesis of non-protein compounds are not
retained; instead, they are catabolised and contribute to nitrogen (N) excretion in the urine
(Reeds et al., 1994). Therefore, the broad objective of this research is to optimize the AA
nutrition of growing pigs in order to mitigate the negative impact of ISS on PD and growth.
Amino acid requirements of growing pigs have been studied extensively (NRC, 2012).
However, there is still limited information available about the impact of ISS on AA
requirements, particularly for the synthesis of APP (Kampman-van de Hoek et al., 2016).
Fundamentally, diets should be formulated that correspond to changes in whole-body AA
metabolism during ISS. For example, sulfur AA may become first-limiting among AA during
ISS for the synthesis of APP, glutathione, and immune metabolites (Breuille et al., 2006). When
growing pigs were fed the same amount of sulfur AA, there was an increased requirement for
methionine, relative to cysteine, during ISS (Litvak et al., 2013). Moreover, in growing pigs, the
marginal efficiency of Trp utilization for PD is reduced during ISS, which suggests that the Trp
requirement for optimum PD is increased (de Ridder et al., 2012). Finally, Gln is widely
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considered to be a conditionally essential AA during disease. Glutamine is the preferred energy
substrate for rapidly proliferating cells, including leukocytes and lymphocytes, and the primary
carrier of N between organs (Oehler and Roth, 2003). Immune system stimulation elicits an
increase in Gln synthesis and release from skeletal muscle, which coincides with an increase in
hepatic Gln uptake and utilization (Bruins et al., 2003). Despite the increase in Gln synthesis,
there is a specific depletion of the intracellular Gln pool (Salleh et al., 1991), which suggests that
the requirement for Gln appears to exceed the ability of skeletal muscle to produce sufficient
amounts of this AA during ISS (Karinch et al., 2001). However, it is important to consider that
several AA have non-proteinogenic properties that may impact whole-body AA metabolism and
PD during ISS. Among the essential amino acids (EAA), Leu is a key regulator of skeletal of
muscle protein turnover. Leucine, which functions as a signal of nutritional status, enhances
translation initiation, the rate-limiting step of protein synthesis, through the mammalian target of
rapamycin complex 1 (mTORC1) signalling pathway. Although Leu requirements for PD and
the synthesis of APP and other metabolites during ISS do not increase per se, dietary Leu
supplementation may still be beneficial in part due to the regulatory effects of Leu on skeletal
muscle protein synthesis. Leucine may additionally have a regulatory role in both skeletal
muscle and whole-body protein degradation. Therefore, the objective of this thesis was to
determine whether dietary Leu supplementation, above the estimated SID Leu: Lys ratio for PD
(NRC, 2012), is able to minimize the negative impact of ISS in starter pigs.
An initial N-balance study was initially completed in order to establish a timeframe to
evaluate aspects of whole-body N utilization in response to dietary Leu supplementation during
ISS. In this study, pigs were supplied Leu at an SID Leu: Lys ratio at 100 and 200% the
estimated SID Leu: Lys ratio for PD (NRC, 2012). Immune system stimulation was induced
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with repeated intramuscular injections of Escherichia coli lipopolysaccharide (LPS) every 48 h
for a 7-d period. We demonstrated that PD was decreased during ISS, as pigs repartition AA
from skeletal muscle protein accretion toward supporting the immune response, and that dietary
Leu supplementation resulted in a transient improvement in PD. The transient response to
dietary Leu supplementation may have indicated that the pigs had developed tolerance to LPS.
For this reason, whole-body N utilization and protein turnover were evaluated in a 72-h prechallenge period followed immediately by a 36-h challenge period, which coincided with the
observed LPS-induced increase in PD. In this study, pigs were supplied Leu at an SID Leu: Lys
ratio at 100, 150, and 200% above the estimated SID Leu: Lys ratio for PD (NRC, 2012).
The determination of whole-body protein turnover in pigs is based on the dilution of 15NGly in the plasma free AA pool. This method assumes that newly synthesized protein and
excreted urea- and ammonia-N are derived from the same metabolic pool of AA-N (Waterlow,
2006). The

15

N-Gly tracer can be administered as either a single dose, with the end-product

quantitatively collected over time, or as a continuous infusion, which does not necessitate
complete collection of the end-product. Since the time required for complete clearance of tracer
into synthesis and excretion was not previously determined in this group of pigs, we decided that
a continuous intravenous infusion of

15

N-Gly would facilitate rapid and consecutive

measurements of whole-body protein flux, and estimates of PD, calculated as the difference
between whole-body protein synthesis and degradation, can be paired with N-balance
observations. A continuous infusion of 15N-Gly was selected based on two main reasons: first,
an intravenous infusion bypasses first-pass splanchnic AA metabolism, which can reduce the
availability of

15

N to peripheral tissues, and second, the

15

N-Gly tracer leads to consistent

excretion of 15N in both end-products compared to other 15N-AA tracers (Fern et al., 1985). The
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choice of end-product to analyze, urea-N or ammonia-N, is critical because the two end-products
do not give the same value for whole-body protein flux, but are instead different estimates of
whole-body protein flux (Fern et al., 1985). Flux values, derived from ammonia-15N excretion,
may be biased toward peripheral tissues since urinary ammonia originates mainly from Gln
synthesized in skeletal muscle, whereas values, derived from urea-15N excretion, are more
representative of visceral tissues, since urinary urea is produced largely in the liver.

This

suggests that the accuracy of whole-body protein flux measurements can be improved if the
contribution of peripheral and visceral protein to whole-body protein is known, in addition to the
acid-base balance of the pig, which alters hepatic and renal Gln catabolism and therefore affects
the relative proportions of urea- and ammonia-N to total urinary N excretion (Patience, 1990).
Instead of analyzing

15

N enrichment in urinary urea- and ammonia-N separately, we opted to

measure total urinary 15N enrichment following the enzymatic conversion of urea-N to ammoniaN. Although this method may underestimate the contribution of visceral protein to whole-body
protein flux, the rates of skeletal muscle protein turnover in young pigs are quite large
(Bregendahl et al., 2008; Litvak et al., 2013).
In healthy pigs, before ISS was induced, a linear reduction in whole-body protein
synthesis and degradation with increasing SID Leu: Lys was observed. Based on the decline in
plasma Ile and Val concentrations, dietary Leu supplementation appeared to increase whole-body
branched-chain amino acid (BCAA) catabolism to an apparent maximum rate. This increase
may have limited BCAA availability for whole-body protein synthesis and PD, and PD was
lower in pigs provided Leu at 150% above the estimated SID Leu: Lys ratio for PD. However,
increasing the SID Leu: Lys ratio to 200% offset the observed reduction in PD, likely through
direct and indirect effects of Leu on tissue protein anabolism. The lower plasma concentrations
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of total AA and non-essential AA (NEAA) are consistent with a reduction in whole-body protein
degradation. Moreover, Leu has been reported to induce acute stimulation of pancreatic insulin
secretion (Yang et al., 2010). In the current study, the insulin response to feeding was largest in
pigs in pigs provided supplemental Leu, and insulin has been reported to reduce both skeletal
muscle and whole-body protein degradation in humans (Fukagawa et al., 1985; Gelfand and
Barrett, 1987). Given the high energetic cost of protein synthesis, and the relationship between
protein turnover and a minimum rate of AA catabolism, it can be implied that feeding additional
Leu improves the efficiency of using energy for PD in pigs, rather than increasing the rate of PD
(Moughan, 1999). The observed reduction in whole-body protein turnover in response to dietary
Leu supplementation in healthy pigs warrants further consideration; for example, the interaction
between dietary Leu intake and AA requirements should be evaluated, assuming that the amount
of AA that are subject to minimum catabolism is reduced.
During ISS following a single intramuscular injection of LPS, and when the effect of a
potential imbalance among BCAA is minimal and therefore would not limit PD, dietary Leu
supplementation did not affect whole-body protein synthesis, degradation, or PD.

The lower

rate of whole-body PD during ISS indicates a broad resistance to anabolic stimuli, such as
insulin, energy, and AA. The ability of Leu to regulate muscle protein synthesis during ISS
appears to be blunted (Hasselgren et al., 1988a; Lang and Frost, 2004; Lang and Frost, 2005),
which is likely mediated through a disruption in mTORC1 signalling (Kazi et al., 2011;
Laufenberg et al., 2014). The amount of Leu needed to fully stimulate muscle protein synthesis
or suppress muscle protein degradation appears to be increased during ISS. Moreover, the
duration of anabolic resistance to Leu during ISS is unclear (Vary, 2007). It is possible that an
insufficient amount of Leu was provided to this group of pigs that did not satisfy the increased
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Leu “requirement” needed to elicit a response in PD during the first 36 h of ISS. Although
anabolic resistance to Leu during ISS has been demonstrated in skeletal muscle, it is
inappropriate to assume that other tissues, especially visceral tissues involved in the immune
response, behave in a similar manner. Therefore, the concept that anabolic resistance to Leu
during ISS can be applied at the whole-body level is disingenuous and underscores the need to
measure tissue-specific responses to various anabolic stimuli, including Leu, during ISS.
Measurements of whole-body protein turnover represent the summation of tissue protein
metabolism in the body. However, it is impossible to discriminate the contribution of specific
organs and tissues to whole-body protein turnover, which may be of interest for applications that
focus on the effects of nutrition, stress, and disease on the animal (Reeds and Davis, 1999). The
two main methods that can be used to estimate rates of tissue protein synthesis are a constant
infusion or flooding dose of a tracer AA. The first method involves the infusion of a tracer AA
at a constant rate until steady-state labelling of the free AA pool is reached, followed by tissue
sample collection. The constant infusion method allows for simultaneous measurements of
whole-body protein turnover and tissue protein synthesis and is well suited for the measurement
of proteins with slow turnover rates due to the prolonged length of the labelling period (Davis
and Reeds, 2001). However, this method has three main disadvantages. First, it is difficult to
adequately sample and analyze the isotopic enrichment of the true precursor pool (aminoacyltRNA) for protein synthesis. Second, isotopic incorporation represents the average synthesis rate
over a relatively long period of time, whereas the measurement of rapid changes in protein
synthesis may be the desired outcome, in particular following acute changes in nutritional or
endocrine status. Third, isotopic incorporation measures only protein synthesis, whereas it is
often more informative to obtain information on rates of both synthesis and degradation. The
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second approach is the flooding dose method, which involves the administration of a large dose
of tracer AA, up to ten times the endogenous flux of that AA (Davis and Reeds, 2001). This
method assumes that the large dose of AA does not interfere with the transport of other AA into
tissue, and does not, directly or indirectly through changes in endocrine status, alter rates of
protein synthesis.

Under flooding conditions, there are minimal changes in the isotopic

enrichment of the precursor pool over the course of the labelling period, and there is a linear
increase in the enrichment of protein-bound AA.

The flooding dose method minimizes

differences among the extracellular, intracellular, and true precursor pools, thereby avoiding the
need to sample the true precursor pool (Davis and Reeds, 2001). Moreover, this method allows
for the rapid measurements of tissue protein synthesis, which is particularly attractive when
metabolic non-steady state conditions exist (Garlick et al., 1983; Bark et al., 1998), and
minimizes the error associated with tracer recycling in tissues with rapid turnover rates
(Southorn et al., 1992). For these reasons, we opted to employ the flooding dose method in this
thesis.
The effects of ISS and dietary Leu supplementation on the fractional protein synthesis
rate (FSR) of various tissues with substantial contributions to whole-body protein turnover were
evaluated with a flooding dose of L-[2H5-ring]-Phe (40 mol %).

The flooding dose was

administered in all pigs 36 h after ISS was induced and 1 h after feeding. Liver protein FSR was
increased by 16% in ISS+ pigs, whereas plasma protein FSR was not affected. The increase in
liver protein FSR during ISS is consistent with previous work in rats and pigs and should account
for an increase in the synthesis rate of both structural and secreted proteins, including APP.
However, both gastrocnemius and LD protein FSR were not affected by ISS. Since whole-body
PD was reduced during ISS, and skeletal muscle PD contributes to at least 50% of whole-body
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PD (Mahan and Shields, 1998), the reduction in whole-body PD may in part due to increased
skeletal muscle protein degradation. Indeed, the rapid increase in plasma AA concentrations
during the first 12 h after ISS was induced, when feed intake was minimal, implies a
considerable increase in skeletal muscle degradation. Despite the increase in liver protein FSR,
and no change in skeletal muscle protein FSR, whole-body protein synthesis was reduced during
ISS, which reflects the need to evaluate both fractional and absolute synthesis rates of various
tissues and organs, in addition to measuring synthesis rates in other visceral (e.g., intestine, lung)
and peripheral (e.g., skin) proteins.
Immune system stimulation-induced anabolic resistance in adult skeletal muscle is in part
mediated through the mTORC1 signalling pathway (Lang and Frost, 2005). However, neonatal
skeletal muscle is able to respond to both AA and Leu alone (Orellana et al., 2007; HernandezGarcia et al., 2015a), which suggests that the mechanisms of ISS-induced anabolic resistance
may vary depending on the age and physiological state of the animal. For this reason, we
anticipated that Leu supplementation may modulate liver and skeletal muscle protein synthesis.
During ISS, we observed that liver protein FSR tended to decrease and gastrocnemius and LD
protein FSR tended to increase with Leu supplementation. To our knowledge, a reduction in
liver protein synthesis with dietary Leu supplementation during ISS has not been previously
demonstrated in pigs. In neonatal pigs, however, the provision of AA and insulin does not
further augment the increase in liver protein FSR during ISS, which suggests that the liver may
be insensitive to Leu-induced anabolism (Orellana et al., 2007a; Orellana et al., 2007b).
Conversely, it appears that skeletal muscle maintains a minimal level of sensitivity to AA, Leu,
and insulin during ISS (Orellana et al., 2007a; Orellana et al., 2007b; Hernandez-Garcia et al.,
2015a). This is in agreement with the current study where a 31% increase in gastrocnemius FSR
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and 45% increase in LD FSR were observed when pigs were supplied Leu at 200 and 150%
above the estimated SID Leu: Lys ratio for PD, respectively. Unfortunately, no measurements of
liver and skeletal muscle protein FSR were conducted before ISS was induced; thus, it could not
be concluded that skeletal muscle was fully sensitive to Leu, considering that ISS produces
general anabolic resistance. Moreover, it appears that the bulk of ISS-induced changes in tissue
protein metabolism occurred within the first 12 h following ISS, well before measurements of
tissue FSR were obtained. Despite these considerations, the results suggest reciprocal regulation
of liver and skeletal muscle protein synthesis during ISS, and that the contribution of liver and
skeletal muscle to whole-body PD during ISS may vary according to Leu intake. Therefore, the
expression and activity of proteins involved in insulin- and Leu-induced mTORC1 activation
should be evaluated. The optimum SID Leu: Lys ratio to minimize visceral PD and maximize
skeletal muscle PD during ISS should additionally be determined in order to better estimate AA
requirements for pigs.
Another possible mechanism through which Leu might impact whole-body protein
turnover and PD during ISS is its ability to function as an N donor for Ala and Gln synthesis.
Glutamine is widely considered to be a conditionally EAA during disease (Karinch et al., 2001).
The de novo synthesis of Gln in skeletal muscle is increased by ISS (Austgen et al., 1992;
Nawabi et al., 1990) and Leu (Ruderman and Berger, 1974) through the provision of the amino
group for Gln synthesis and the direct stimulation of Glu dehydrogenase activity (toward α-ketoglutarate amination; Li et al., 2012). In growing pigs, Ala and Gln release from skeletal muscle
is increased during ISS (Bruins et al., 2003).

In the current study, the decline in BCAA

concentrations in pigs supplied Leu at 200% above the estimated SID Leu: Lys ratio for PD
during ISS suggests either increased BCAA utilization for the synthesis of Gln, Ala, and glucose,
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rather than muscle protein, since the concentrations of other EAA did not change. However, the
fate of excess Leu and other BCAA in pigs during ISS deserves further consideration. Adaptive
changes in the expression and activity of enzymes involved in BCAA catabolism and Gln
synthesis and catabolism in skeletal muscle should be considered. Moreover, inter-organ fluxes
of Leu and other AA relevant to the immune response should be evaluated.
Although the use of LPS appears to be a suitable model for the determination of shortterm changes in protein and AA metabolism during acute ISS, it is not appropriate for assessing
long-term effects due to the development of LPS tolerance. Moreover, a single injection of LPS
represents an acute activation of the innate immune system, and may not be representative of
pigs infected with bacterial or viral disease that impacts the animal through a variety of
mechanisms. Based on these considerations, the results obtained from LPS-induced ISS should
be interpreted with some caution. Additional observations with other disease models, both acute
and chronic, should be obtained before practical recommendations can be made about Leu
nutrition during ISS.
The results presented in this thesis indicate that dietary Leu supplementation to healthy
pigs may function to improve the efficiency of PD rather than the rate of PD when PD is limited
by AA availability. Since increasing dietary Leu content has been previously demonstrated to
reduce voluntary feed intake, feeding excessive amounts of Leu may in fact be detrimental to pig
performance and may need to be complemented with additional Ile and Val in the diet. Despite
no effect of dietary Leu supplementation on whole-body PD, protein synthesis, or protein
degradation during ISS, Leu appears to have tissue-specific effects in liver and visceral protein.
Further research is needed to evaluate the impact of Leu on whole-body AA partitioning in both
healthy and diseased growing pigs.
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APPENDIX
Table A1. Plasma AA concentrations (µmol/L) in ISS- and ISS+ pigs fed increasing levels of
dietary SID Leu above the estimated SID Leu: Lys ratio for PD in the preliminary study1.
D2
ISS
P-value
Item
CON LEU-H
ISSISS+
SE
D
ISS
DISS
Number of animals
11
12
12
11
His
111
118
119
110
4
0.245
0.092
0.612
Ile
172
77
124
125
5
<0.001 0.946
0.501
Leu
159
319
238
241
11
<0.001 0.794
0.998
Lys
263
296
271
288
19
0.057
0.323
0.842
Met
87
88
88
87
3
0.836
0.744
0.592
Phe
121
116
116
122
6
0.300
0.224
0.307
Thr
368
396
416
348
46
0.439
0.074
0.707
Trp
73
67
73
67
3
0.129
0.099
0.339
Val
293
155
228
220
7
<0.001 0.383
0.358
BCAA
624
551
586
590
18
0.009
0.857
0.612
EAA
1648
1633
1673
1608
75
0.836
0.348
0.805
Ala
576
512
569
519
28
0.038
0.099
0.317
Gln
658
599
642
615
30
0.041
0.316
0.404
Gly
1016
1253
1260
1008
62
0.004
0.002
0.974
Pro
314
306
329
292
10
0.553
0.011
0.820
NEAA
3841
3891
4064
3668
111
0.746
0.018
0.903
TAA
5488
5525
5737
5275
149
0.859
0.035
0.996
1
Values represent least-squares means on days 1 and 7 after ISS was induced, taken 1 h after
feeding, ± SE. SE is based on repeated measures analysis across time (largest value selected).
Abbreviations used: AA, amino acid; D, diet; BCAA, branched-chain amino acids; EAA,
essential amino acids; ISS, immune system stimulation; NEAA, non-essential amino acids; PD,
whole-body protein deposition; SID, standardized ileal digestible; TAA, total amino acids.
2
CON = 1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEU-H = 2.72% SID Leu (SID
Leu: Lys = 200). ISS-: single injection of sterile saline at the start of the challenge period; ISS+:
single injection of Escherichia coli lipopolysaccharide at the start of the challenge period.
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Table A2. Wet weight (g) and relative weight (% BW) of visceral organs of ISS- and ISS+ pigs
fed increasing levels of dietary SID Leu above the estimated SID Leu: Lys ratio for PD1.
Treatment2
CON
LEU-M
ISS+
ISS+

P-value

CON
LEU-H
Organ
ISSISS+
SE
ISS3
Linear4
Number of
animals
6
7
8
7
Wet weight
Liver
535
577
594
555
25
0.225
0.504
Spleen
97
72
73
86
12
0.147
0.397
SI
749
799
813
818
39
0.354
0.719
LI
226
244
257
240
15
0.378
0.843
Relative weight
Liver
2.92
3.19
3.24
3.08
0.13
0.145
0.512
Spleen
0.53
0.40
0.40
0.47
0.07
0.154
0.394
SI
4.10
4.42
4.44
4.53
0.21
0.268
0.686
LI
1.25
1.35
1.40
1.33
0.07
0.307
0.851
1
Values are least-squares mean ± pooled SE. Abbreviations used: BW, body weight; ISS,
immune system stimulation; LI, large intestine; PD, whole-body protein deposition; SI, small
intestine; SID, standardized ileal digestible.
2
CON = 1.36% SID Leu (SID Leu: Lys = 100 [% Lys]); LEU-M = 2.04% SID Leu (SID
Leu: Lys = 150); LEU-H = 2.72% SID Leu (SID Leu: Lys = 200); ISS-: single injection of sterile
saline at the start of the challenge period; ISS+: single injection of Escherichia coli
lipopolysaccharide at the start of the challenge period.
3
P-value for the contrast between ISS- and ISS+ pigs fed CON.
4
P-value for the linear effect of increasing SID Leu: Lys in ISS+ pigs on wet weight and
relative weight of visceral organs.
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Figure A1. Plasma albumin and haptoglobin concentration (g/L) in ISS- and ISS+ pigs before
and 7 d after ISS was induced in the preliminary study. ISS was induced with repeated
intramuscular injections of Escherichia coli lipopolysaccharide (ISS+). Pigs that were not
immune-challenged were administered sterile saline (ISS-). * indicates ISSTime interaction for
albumin (P < 0.05); ± indicates ISSTime interaction for haptoglobin (P < 0.05). Abbreviations
used: D, day; ISS, immune system stimulation.
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Figure A2. Dynamics ±
of urinary N excretion (g/d) in starter pigs fed two levels of dietary SID
Leu above the estimated SID Leu: Lys ratio for PD in the preliminary study. CON = 1.36% SID
Leu (SID Leu: Lys = 100 [% Lys]); LEU-H = 2.72% SID Leu (SID Leu: Lys = 200). ISS was
induced with repeated intramuscular injections of Escherichia coli lipopolysaccharide (ISS+).
Pigs from each dietary treatment that were not immune-challenged were administered sterile
saline (ISS-). * indicates P < 0.05 between ISS+ pigs fed CON and LEU-H; ± indicates P < 0.05
between ISS- and ISS+ pigs fed CON. Abbreviations used: N, nitrogen; ISS, immune system
stimulation; PD, whole-body protein deposition; SID, standardized ileal digestible.
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