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ABSTRACT 
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Chronic subclinical levels of disease occur frequently in intensive swine production and 

compromise nutrient utilization efficiency.  Sulfur amino acids (methionine plus cysteine; M+C) 

have been implicated in improving the animal’s response to immune system stimulation (ISS).  

Research objectives were to determine the effects of ISS on the optimal dietary methionine to 

methionine plus cysteine ratio (M:M+C) and on the fractional synthesis rate (FSR) of albumin, 

fibrinogen and total protein in plasma, liver, and small intestine (SI) of growing pigs.  

 

A nitrogen balance study showed that the optimal M:M+C was increased during ISS and 

greater than 0.62.  In a flooding dose infusion study it was determined that total plasma protein 

FSR was increased during ISS and tended to decrease with reduced M+C intake.  Plasma 

albumin FSR decreased with reduced M+C intake.  The data implicates M+C as important 

nutrients involved in the immune response and careful dietary supplementation during ISS is 

necessary. 
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1.0 GENERAL INTRODUCTION 

Chronic subclinical levels of disease occur frequently in commercial pork production and 

compromise the pig’s efficiency of nutrient utilization for growth (Colditz, 2004).  Mediated 

largely by pro-inflammatory cytokines, inflammation and associated immune system stimulation 

(ISS) result in the development of anorexia, hyperthermia and changes in protein metabolism, 

thereby preventing the animals from expressing their genetic potential for growth or reproduction 

(Klasing, 2007; Le Floc’h et al., 2004; Williams et al., 1997).  During ISS, the synthesis of 

hepatic proteins and peptides, such as acute phase proteins and glutathione, increases to support 

the immune response (Hunter and Grimble, 1994; Malmezat et al., 2000a; Reeds and Jahoor, 

2001).  Meanwhile, due to the decrease in feed consumption and therefore reduced influx of 

dietary amino acids (AA), skeletal muscle protein is catabolized for the release of AA to support 

hepatic protein and peptide synthesis (Colditz, 2004; Husband, 1995).  The immune system is 

therefore highly dependent upon the adequate availability of AA for the synthesis of these 

proteins and peptides (Li et al., 2007).  However, the balance among AA required for ISS 

activated metabolic pathways is different from the profile of AA released during muscle protein 

catabolism (Reeds and Jahoor, 2001), altering dietary AA requirements during disease.  In order 

to reduce the negative impact of ISS on animal performance, thereby improving animal welfare 

as well as production efficiency, it is important to more closely match the AA requirements of 

the animals during disease.  

 

 This thesis presents studies in which the impact of methionine plus cysteine (M+C) 

intake on various aspects of protein metabolism in ISS growing pigs is explored.  First, the effect 

of ISS on the optimal dietary methionine to M+C ratio was determined in a nitrogen balance 
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study.  In addition, the impact of ISS and daily M+C intake on the fractional synthesis rate of 

protein was evaluated in blood plasma, liver and small intestine, as well as the acute phase 

proteins, albumin and fibrinogen, using a flooding dose of L-phenylalanine, partly labeled with 

L-[ring-
2
H5]-phenylalanine.  
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2.0 LITERATURE REVIEW 

2.1 Introduction 

Chronic subclinical levels of disease occur frequently in commercial pork production and 

compromise the pig’s efficiency of nutrient utilization for growth, due to the production of 

inflammatory mediators (Colditz, 2004).  Inflammation and associated immune system 

stimulation (ISS) prevents pigs from expressing their genetic growth potential (Klasing, 2007; Le 

Floc’h et al., 2004) and can reduce growth rate and feed efficiency by as much as 25% (Williams 

et al., 1997).  It is well established that animals that are exposed to environmental antigens show 

reduced appetite and growth when compared to healthy animals, even if no clinical signs of 

disease are exhibited (Le Floc’h et al., 2004).  Systemic inflammation mediated by pro-

inflammatory cytokines is responsible for decreased feed consumption and muscle protein 

accretion, as well as increased metabolic rate and hepatic synthesis of acute phase proteins (APP).  

Together, this contributes to qualitative and quantitative changes in nutrient partitioning.  

Nutrients generally used for growth and production are redirected to support the immune 

response (Colditz, 2004; Husband, 1995).  Amino acids (AA), originating from the diet or 

muscle protein catabolism, are particularly important in supporting the host’s response to 

inflammation.  Amino acids are used by the immune cells to sustain clonal proliferation, but 

more importantly they are utilized by the liver for gluconeogenesis and synthesis of APP and 

glutathione (GSH; Hunter and Grimble, 1994, 1997; Malmezat et al., 2000a; Reeds and Jahoor, 

2001; Figure 2.1).  In fact, the majority of the increased nutrient needs during an immune 

response are due to the hepatic APP response, representing the production of protective 

accessory proteins by the liver (Klasing, 2007).  The immune system is therefore highly 

dependent upon the adequate availability of substrates, such as AA, for the synthesis of these 
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proteins and peptides (Li et al., 2007).  The balance among AA required for ISS activated 

metabolic pathways is different from the profile of AA released during muscle protein 

catabolism (Reeds and Jahoor, 2001).  This means that during ISS, AA which are typically first 

limiting for growth (e.g. lysine) are in relative excess, whereas other AA typically in excess (e.g., 

cysteine, glutamine and tryptophan) may become first limiting for mounting an immune response 

(Reeds and Jahoor, 2001).  As a result, changes in metabolism induced by ISS are likely to alter 

dietary AA requirements.  By more closely matching the pig’s AA requirements during ISS the 

negative impact of ISS on animal performance may be reduced, thereby improving animal 

welfare as well as production efficiency. 

 

In this chapter the animals’ physiological response to ISS is reviewed, and the effect of 

ISS on the dietary requirements for specific AA is discussed.  This review will provide 

background information for the studies that are presented in this thesis. 

 

 

 

 

 

 

 

Figure 2.1 A summary of the impact of immune system stimulation on nitrogen metabolism 

(adapted from Reeds and Jahoor, 2001).  IL-1: interleukin-1, IL-6: interleukin-6, TNFa: tumour 

necrosis factor , ACTH: adrenocorticotropic hormone; GSH: glutathione. 
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2.2 Pro-Inflammatory Cytokine-Mediated Immune System Stimulation 

 The innate immune system responds rapidly to insults through the release of pro-

inflammatory cytokines (Li et al., 2007).  This large family of molecules is associated with the 

disruption of various metabolic pathways and modifications of nutrient utilization (Le Floc’h et 

al., 2004), such that the immune system is provided with energy and substrates required to 

support the immunological response (Grimble, 2006).  The cytokines implicated in the regulation 

of protein metabolism include interleukin (IL)-1, IL-6, and tumour necrosis factor α (TNF-α) 

(Hunter and Grimble, 1994; Le Floc’h et al., 2004; Petersen et al., 2004; Reeds and Jahoor, 2001; 

Figure 2.1, Table 2.1).  Additionally, these cytokines induce central nervous system (CNS)-

mediated behavioral changes, such as lethargy, depression, and anorexia (Husband, 1995).  

These pro-inflammatory cytokines are also responsible for the production of reactive oxygen 

species (ROS), which are designed to destroy invading organisms (Hunter and Grimble, 1994).  

Collectively, these cytokine-mediated changes contribute to the acute phase response (APR) to 

an insult (Hunter and Grimble, 1994).   
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Table 2.1 Pro-inflammatory cytokines and their functions relative to the acute phase response
1
 

Cytokine Common Functions 

IL-1
2
 Induction of CNS

3
-mediated behavioral changes 

Induction of hypothalamic-pituitary-adrenal axis 

Induction of hepatic acute phase protein response 

Stimulation of ROS
4
 production 

IL-6
5
 Induction of hyperthermia 

Induction of hepatic acute phase protein response 

TNF-α
6
 Induction of IL-1 production 

Induction of skeletal muscle catabolism 

Stimulation of ROS production 
1
 Adapted from Petersen et al. (2004) and Le Floc’h et al. (2004) 

2
 IL-1: interleukin-1 

3
 CNS: central nervous system 

4
 ROS: reactive oxygen species 

5
 IL-6: interleukin-6 

6
 TNF-: tumour necrosis factor   

 

2.2.1 Activation of the Hypothalamic-Pituitary-Adrenal (HPA) Axis 

   The HPA axis is the system through which the brain influences all body organs during 

exposure to stress (Tsigos and Chrousos, 2002).  The hypothalamus is responsible for secretion 

of adrenocorticotropic hormone (ACTH) from the anterior pituitary, which in turn stimulates the 

secretion of glucocorticoid hormones from the adrenal cortex (Tsigos and Chrousos, 2002).  

Glucocorticoids participate in the control of whole body homeostasis and affect the animal’s 

response to stress (Tsigos and Chrousis, 2002).  Cytokines have the ability to activate receptors 

on different target cells and induce a systemic reaction that results in the activation of the HPA 

axis (Gruys et al., 1999).  Activation of the HPA axis by cytokines can have a profound effect on 

the nutrient economy of the host by reducing the availability of nutrients, such that 

approximately 40% of the total nitrogen loss can be attributed to the effect of anorexia (Colditz, 

2002; Reeds and Jahoor, 2001).  Glucocorticoid secretion also results in the preferential 
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deposition of fat over lean (Annison and Bryden, 1999).  Further, IL-1 and IL-6 induce the 

formation of prostaglandins, which act on the thermoregulatory center of the hypothalamus to 

induce a fever (Gruys et al., 2005; Husband, 1995).  Parallel to the fever is an increase in the 

host’s metabolic rate, which further increases nutrient requirements as a result of higher energy 

expenditure (Reeds and Jahoor, 2001).  Together, activation of the HPA axis results in decreased 

nutrient intake with a concurrent increase in nutrient requirements for body maintenance 

functions.   

 

2.2.2 Synthesis of Acute Phase Proteins 

Acute phase proteins are protective accessory proteins synthesized by the liver to protect 

the host from the most deleterious effects of ISS (Chen et al., 2003; Reeds and Jahoor, 2001).  

Their appearance in the blood prior to any specific antibodies demonstrates their non-specific 

nature in the resolution of inflammatory responses (Le Floc’h et al., 2004).  Interleukin-6 binds 

its receptor, IL-6 receptor, causing phosphorylation of the transcription factor, nuclear factor-IL6.  

This transcription factor migrates to the nucleus where it mediates the transcription of APP genes 

(Figure 2.2; Jensen and Whitehead, 1998).  Interleukin-1 and TNF- bind their respective 

receptors, causing the phosphorylation and degradation of inhibitor B.  The degradation of 

inhibitor B, the inhibitor of nuclear factor B, results in the release and translocation of nuclear 

factor B from the cytoplasm into the nucleus, where it activates transcription of APP genes 

(Jensen and Whitehead, 1998). 
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Figure 2.2 Activation of transcription factors which mediate the increased transcription of acute 

phase protein (APP) genes (adapted from Jensen and Whitehead, 1998). IL-6: interleukin-6; IL-

1: interleukin-1; TNF: tumour necrosis factor ; IL-6R: IL-6 receptor; IL-1RI: IL-1 receptor type 

I; TNF-R: TNF receptor; NF-B: nuclear factor B; IB: inhibitor B; NF-IL6: nuclear factor 

IL-6; NF-IL6: nuclear factor IL6 , transcriptional activator gene involved in the regulation of 

APP genes. 

 

Acute phase proteins are classified according to the magnitude of their increase (positive 

APP) or decrease (negative APP) in blood (Petersen et al., 2004).  During ISS, the plasma 

concentration of positive APP can increase between 1- and 1000-fold depending on the species 

and the severity of the challenge; their rate of synthesis can increase in even greater proportion 

(Gruys et al., 2005; Le Floc’h et al., 2004).  Positive APP can be classified into 3 major groups 

based on the rate of increased levels in plasma following ISS: (1) APP with modest increases of 

about 50%, (2) APP with moderate increases of 2- to 10-fold, and (3) APP with large increases 

APP 
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of 10- to 1000-fold (Gruys et al., 2005; Murata et al., 2004; Petersen et al., 2004; Sorensen et al., 

2006).  Commonly measured positive APP include haptoglobin (Hp), fibrinogen (Fb), C-reactive 

protein, serum amyloid A, and porcine major acute phase protein (Chen et al., 2003; Petersen et 

al., 2004). Negative APP are characterized by a decrease in plasma concentration during ISS 

(Breitkreutz et al., 2000; Petersen et al., 2004; Reeds and Jahoor, 2001).  In pigs, these include 

alpha-1 acid glycoprotein and albumin.   

 

2.2.2.1 Positive Acute Phase Proteins 

Haptoglobin and fibrinogen are classified as moderate positive APP (Gruys et al., 2005; 

Heegard et al., 1998).  The concentrations of these APP in blood increase starting about 8 h after 

ISS and remain elevated for at least 24-48 hours.   

 

Haptoglobin (approximate molecular weight 120 kDA) plays an important bacteriostatic 

role in the APR due to its ability to bind hemoglobin released by damaged erythrocytes (Gruys et 

al., 2005; Murata et al., 2004; Petersen et al., 2004).  Iron is the first limiting nutrient for growth 

of many pathogens (Klasing, 2007).  During an APR, Hp binds hemoglobin thereby clearing the 

iron from serum and limiting the amount of iron available for the growth of pathogens (Klasing, 

2007; Petersen et al., 2004).  Furthermore, Hp exhibits anti-inflammatory effects through its 

ability to bind CD11b/CD18 receptors on the cell membrane of leukocytes (El Ghmati et al., 

1996).  This process triggers a cascade of intracellular signals, eventually leading to the 

enhancement of degranulation, phagocytosis, antibody-dependent cellular cytotoxicity and delay 

of apoptosis.  Haptoglobin has been used as a marker of swine herd health status, as it has the 

ability to differentiate between healthy pigs and those suffering from subclinical infections (Chen 
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et al., 2003; Eckersall et al., 1996; Eurell et al., 1992; Petersen et al., 2002).  In pigs, its serum 

concentration remains elevated longer than other APP after ISS, such as C-reactive protein and 

serum amyloid A, though its concentration increases to a smaller extent (Gabay and Kushner, 

1999).  Table 2.2 demonstrates the concentration of Hp in healthy and sick animals, and its 

relative contribution to total plasma protein content.  Overall, Hp can range from 0 to 1.5 g/L of 

serum in healthy pigs, and has been shown to increase up to 13 g/L in infected animals, 

constituting up to 23% of the total protein content. 

 

Fibrinogen is a normal constituent of blood plasma and plays an important role in the 

coagulation process.  Fibrinogen provides a substrate for fibrin formation and aids in tissue 

repair, which becomes increasingly important during disease (Murata et al., 2004).  Much like 

Hp, Fb has the ability to bind CD11/CD18 receptors on the cell surface of migrated phagocytes, 

activating immune processes such as the enhancement of degranulation and phagocytosis 

(Murata et al., 2004).  Fibrinogen is a slow reacting positive APP and its moderate increase in 

concentration during ISS can be delayed a few days following infection (Gruys et al., 2005).  

Peak concentrations during disease have been shown to be approximately 1.5-fold greater than 

baseline levels in swine (Jahoor et al., 1999; Rakhshandeh and de Lange, 2010, 2012; Table 2.3).  
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Table 2.2 Concentration of haptoglobin in healthy and sick animals and its relative contribution to total plasma protein content. 

  

Haptoglobin 

Concentration 

Total Protein 

Concentration Health Status 

Age or Body 

Weight (kg) Species 

Relative 

Contribution Reference 

serum 1.42 g/L 68 g/L
0
 healthy 6-7 MOA swine 2.10% Chen et al. 2003 

 

2.23 g/L
*
 

 

culled 

  

3.30% 

 

        serum 0.41-1.06 g/L 54-68 g/L
0
 healthy 10-25 WOA swine 0.6-2% Petersen et al. 2002 

 

1.41-2.19 g/L
*
 

 

clinical signs 

  

2-4% 

 

        serum 0.43 g/L 48 g/L
0
 healthy 5 WOA swine 0.9% Sorensen et al. 2006 

 1-5g/L
*
  infected    2-10%  

        serum 0.21 g/L 54 g/L
0
 control 10 WOA swine 0.40% Parra et al. 2006 

 

1.41-5.03 g/L
*
 

 

infected 5-21 WOA 

 

2.6-9.2% 

 

        serum 1.42 g/L 57 g/L
0
 healthy 12 WOA swine 2.49% Pineiro et al. 2009 

 1.80 g/L
*
  infected   3.16%  

        serum 0.01–0.86 g/L 54 g/L
0
 healthy 10 WOA swine 0-1.6% Hulten et al. 2003 

 

2.3 g/L (1.0–2.8) 

 

infected + treated 

  

4.30% 

 

 

4.5 g/L (3.2–5.8)
**

 

 

infected - treated 

  

8.30% 

 

        serum 0.19-0.52 g/L 57 g/L
0
 infected D0 13 WOA swine 0.3-0.9% Heegard et al. 1998 

 

9-13 g/L
*
 

 

infected D2 

  

16-23% 

 

        serum 0-2 g/L 60-75 g/L infected D0 10-12 WOA swine 0-3% Lampreave et al.  

 

4-6 g/L 60-90 g/L infected D2 (28-39kg) 

 

4-10% 1994 

 

3-4 g/L 60-90 g/L infected D4 

  

3-7% 

 

 

2-2.5 g/L 60-90 g/L infected D6 

  

2-4% 

 

 

1.5-2 g/L 70-90 g/L infected D8 

  

2-3% 

 

 

1-2 g/L 70-90 g/L infected D10 

  

1-3% 

  

plasma 1.1 g/L 53 g/L
0
 control 6 WOA swine 2.08% Rakhshandeh and  

 1.4 g/L
*
  infected (11 kg)  2.69% de Lange 2010 
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Table 2.2 Concentration of haptoglobin in healthy and sick animals and its relative contribution to total plasma protein content 

(continued). 

  

Haptoglobin 

Concentration 

Total Protein 

Concentration Health Status 

Age or Body 

Weight (kg) Species 

Relative 

Contribution Reference 

serum 1.5 g/L 53 g/L
0
 control D0 6 WOA swine 3% Eckersall et al. 1996 

 

1.6 g/L 

 

infected D0 

  

3% 

 

 

1.6 g/L 

 

control D2 

  

3% 

 

 

4.2 g/L
*
 

 

infected D2 

  

8% 

 

 

1.5 g/L 

 

control D4 

  

3% 

 

 

3.5 g/L
*
 

 

infected D4 

  

7% 

 

 

1.4 g/L 

 

control D6 

  

3% 

 

 

2.6 g/L
*
 

 

infected D6 

  

5% 

 

 

1.3 g/L 

 

control D8 

  

3% 

 

 

1.6 g/L 

 

infected D8 

  

3% 

 

        serum 1.83 g/L (1.2-2.4) 54 g/L
0
 control 10 WOA swine 3.4% Rakhshandeh and  

 3.87 g/L (3.7-4.1)
*
  infected (25 kg)  7.2% de Lange 2012 

        plasma 0.12-0.29 g/L 57 g/L
0
 control 0h 12 WOA swine 0.21-0.51% Lauritzen et al. 2003 

 

0.36-0.88 g/L 

 

control 46h (40kg) 

 

0.63-1.54% 

 

 

0.28-0.47 g/L 

 

infected +trmt 1 0h 

  

0.5-0.8% 

 

 

0.9-1 g/L
*
 

 

infected +trmt 1 46h 

  

1.6-1.75% 

 

 

0.28-0.51 g/L 

 

infected +trmt 2 0h 

  

0.5-0.9% 

 

 

0.9-1 g/L
*
 

 

infected +trmt 2 46h 

  

1.6-1.75% 

 

        plasma 0.18U
a
 

 

control D0 45 DOA swine 

 

Melchior et al. 2004 

 

0.16U 

 

control D2 

    

 

0.18U 

 

infected D0 

    

 

0.41U 

 

infected D2 

    

        plasma 0.10 mg HbBC/mL 

 

control 8-14 DOA swine 

 

Dritz et al. 1996 

 

0.23 mg HbBC/mL
***

 

 

LPS 

    

 

0.09 mg HbBC/mL 

 

pair-fed 
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Table 2.2 Concentration of haptoglobin in healthy and sick animals and its relative contribution to total plasma protein content 

(continued). 

  

Haptoglobin 

Concentration 

Total Protein 

Concentration Health Status 

Age or Body 

Weight (kg) Species 

Relative 

Contribution Reference 

serum 10-40 mg CBC/dL
b
  Group 1 Mean weight 37 kg swine  Eurell et al. 1992

c
 

 20-45 mg CBC/dL  Group 2 Mean weight 29 kg    

 40-60 mg CBC/dL  Group 3 Mean weight 19 kg    

        

 0 mg HbBC/mL 75.3 g/L healthy  cattle  Toussaint et al.  

 0.523 mg HbBC/mL 74.4 g/L non-healthy    1995
d
 

0 
total protein concentration not measured, values assumed based on values from Miller et al., 1961 

statistical analysis not performed 

* significantly different at 5% level 

** significantly different from infected + treated pigs at 5% level  

*** significantly different at 10% level 

   a: haptoglobin expressed as cyanmethemoglobin binding capacity, expressed in absorbance units (U)  

 b: mg of cyanmethemoglobin binding capacity per deciliter  

    c: haptoglobin was used as an indicator of weight gain    

    d: data from Alsemgeest 1994 

MOA: months of age; DOA: days of age; WOA: weeks of age 
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Table 2.3 Concentration of fibrinogen in healthy and sick animals and its relative contribution to total plasma protein content. 

  

Fibrinogen 

Concentration 

Total Protein 

Concentration 

Health 

Status 

Age or Body 

Weight (kg) Species Relative Contribution  Reference 

plasma 5.7 (0.5-11) g/L 48 g/L healthy at 14 DOA swine 11.8 (1-23)% Ramirez et al. 1963 

 

2.1 (0.4-4) g/L 49 g/L 

 

at 35 DOA 

 

4.3 (0.8-8)% 

 

        plasma 2.5 g/L 47.6 g/L
0
 control  5 WOA swine 5.3% Jahoor et al. 1999 

 

3.2 g/L
*
 47.6 g/L

0
 infected  

  

6.7% 

 

        plasma 2.1 g/L 53 g/L
0
 control 6 WOA swine 3.96% Rakhshandeh and  

 

3.0 g/L
*
 

 

infected (11 kg) 

 

5.66% de Lange 2010 

        

plasma 1.33 g/L (1.2-1.5) 54 g/L
0
 control 10 WOA swine 2.5% Rakhshandeh and  

 1.76 g/L (1.7-1.8)
*
  infected (25 kg)  3.6% de Lange 2012 

        plasma 1.84 g/L 59.3 g/L healthy 8 MOA rats 3.1% Papet et al. 2003
a
 

 

3.55 g/L
*
 64.1 g/L 

 

22 MOA 

 

5.5% 

 

        plasma 3.47 g/L 61.5 g/L control 300g rats 5.6% Breuille et al. 1998 

 

3.28 g/L 60.6 g/L pair-fed D2 Post Infection 

 

5.4% 

 

 

7.84 g/L
*
 57.8 g/L infected D2 Post Infection 

 

13.6% 

 

 

6.86 g/L
*
 66.9 g/L infected D6 Post Infection 

 

10.2% 

 

 

3.84 g/L 61.5 g/L pair-fed D10 Post Infection 6.2% 

 

 

6.24 g/L
*
 61.8 g/L infected D10 Post Infection 10.1% 

 

      

Ruot et al. 2000 

plasma 3.9 (3.7-4.2) g/L 61 (56-66) g/L pair-fed 250g rats 6.4 (5.6-7.5) % 

 

 

9.3 (8.3 -10.4) g/L
*
 52 (47-57) g/L infected 

  

17.96 (14.56-22.13) % 

 

        plasma 4 g/L 62 g/L infected D0 250-350g  rats 6.5% Schreiber et al. 1982 

 

12 g/L 70 g/L infected D2 

  

17.1% 

   15 g/L 69 g/L infected D3     21.7%   

Data presented as means; range given in brackets, if available 

* significantly different from (pair-fed) controls at 5% level 
0
 total protein concentration not measured, values assumed based on values from Miller et al., 1961 

a
 8 MOA: adult rats; 22 MOA: old rats, aging associated with dysregulation of immune and inflammatory functions 

MOA: months of age; DOA: days of age; WOA: weeks of age 
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 Acute phase proteins, C-reactive protein, serum amyloid A, and porcine major acute 

phase protein are classified as group 3 positive APP, increasing rapidly from 10- to 1000-fold 

(Gruys et al., 2005); however, their baseline concentrations are often below the detection limit 

(Petersen et al., 2004).  As a result, the peak concentrations of C-reactive protein, serum amyloid 

A and porcine major acute phase protein during an immune response are substantially lower than 

those of Hp and Fb (Petersen et al., 2004).  

 

 C-reactive protein consists of a cyclic pentamer of 23 kDa units.  During ISS, C-reactive 

protein plays an important role in the protection of the host through clearance of damaged tissue, 

prevention of autoimmunization and regulation of the inflammatory response (Mold et al., 2002).  

It is able to bind directly to several microorganisms and intracellular agents, including released 

bacterial or host DNA (Gruys et al., 2005; Murata et al., 2004; Petersen et al., 2004).  As a result, 

C-reactive protein acts as an opsonin, making bacteria and free DNA more susceptible to 

phagocytosis (Steel and Whitehead, 1994).  It has the ability to activate the classical complement 

pathway through the activation of the C1q subunit (Gruys et al., 2005; Janeway et al., 2005; 

Murata et al., 2004; Figure 2.3).  While it has been suggested that C-reactive protein may be one 

of the best markers of inflammatory lesions in pigs (Eckersall et al., 1996), others have found it 

to be ineffective in identifying inflammatory states (Chen et al., 2003; Table 2.4).  Chen et al. 

(2003) showed that, while the serum C-reactive protein concentrations in culled animals were 

significantly higher than in all other studied pigs (healthy, mild lesions, acute or ill pigs), the 

serum C-reactive protein concentrations were not useful for distinguishing between subclinical 

and normal conditions in swine herds with high and low incidences of lesions.  
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Figure 2.3 Activation of the classical complement pathway (adapted from Janeway et al., 2005). 

The activation of the C1q subunit results in the formation of C3 convertase.  This complex 

cleaves the C3 into component subunits, leading to opsonization, lysis and the release of 

inflammatory mediators.   

 

Activation of classical complement pathway 
through antigen:antibody complexing 

Activation of C1q subunit 
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Activation of complement components 
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recruitment 

Binding of 
complement 
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Table 2.4 Concentration of C-reactive protein in healthy and sick animals and its relative contribution to total plasma protein content. 

  

C-Reactive Protein 

Concentration 

Total Protein 

Concentration Health Status 

Age or Body 

Weight (kg) Species 

 Relative 

Contribution  Reference 

serum 0.08 g/L 68 g/L
0
 healthy 6-7 MOA swine 0.12% Chen et al. 2003 

 

0.25 g/L
*
 

 

culled 

  

0.37% 

 

        serum 0.005 g/L 48 g/L
0
 healthy 5 WOA swine 0.01% Sorensen et al. 2006 

 0.03-0.09 g/L
*
  Infected    0.06-0.19%  

        serum 0.01-0.02 g/L 60-75 g/L infected D0 10-12 WOA swine 0.01-0.03% Lampreave et al. 

 

0.04-0.13 g/L 60-90 g/L infected D2 (28-39kg) 

 

0.04-0.22% 1994 

 

0.01-0.07 g/L 60-90 g/L infected D4 

  

0.01-0.12% 

 

 

0-0.04 g/L 60-90 g/L infected D6 

  

0-0.07% 

 

 

0-0.04 g/L 70-90 g/L infected D8 

  

0-0.06% 

 

 

0-0.04 g/L 70-90 g/L infected D10 

  

0-0.06% 

 

        serum 0.01-0.08 g/L 57 g/L
0
 infected D0 13 WOA swine 0.02-0.14% Heegard et al. 1998 

 

0.10-0.31 g/L
*
 

 

infected D2 

  

0.2-0.5% 

 

        serum 0.0053 g/L 54 g/L
0
 control 10 WOA swine 0.01% Parra et al. 2006 

 

0.012-0.38 g/L
*
 

 

infected 5-21 WOA 

 

0.02-0.7% 

 

        serum 40 AU
a
 

 

control D0 6 WOA swine 

 

Eckersall et al. 1996 

 

45 AU 

 

control D2 

    

 

30 AU 

 

infected D0 

    

 

240 AU
*
 

 

infected D2 

    

        plasma 0.43-0.91 units/mL control D0 12 WOA swine 

 

Lauritzen et al. 2003 

 

0.9-2.5 units/mL
*
 

 

infected +trmt 1 72h 

      2-4 units/mL
*
   infected +trmt 2 72h         

Data presented as means; range given in brackets, if available 

* significantly different at 5% level 

 statistical analysis not performed 
0
 total protein concentration not measured, values assumed based on values from Miller et al., 1961 

a: arbitrary units (AU) 

MOA: months of age; DOA: days of age; WOA: weeks of age; trmt: treatment
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 Serum amyloid A is an apolipoprotein of the high-density lipoprotein fraction in the 

plasma (Gruys et al., 2005; Murata et al., 2004), with several different isoforms described in pigs 

(Toussaint et al., 1995).  Its role in inflammation is not well understood (Murata et al., 2004; 

Petersen et al., 2004); however various effects have been reported.  It appears to attract 

inflammatory cells and inhibit the release of ROS from leukocytes (Linke et al., 1991).  

Furthermore, it has been implicated in the inhibition of lymphocyte and endothelial cell 

proliferation, as well as inhibition of platelet aggregation (Urieli-Shoval et al., 2000).  Its release 

from intestinal epithelial cells, induced by pro-inflammatory cytokines, is speculated to be a 

local defense of the gastrointestinal system to an endotoxin challenge (Murata et al., 2004).  

Despite the uncertainty of its role in ISS, serum amyloid A has been deemed an important 

reactant in pigs as an indicator of infection, particularly during early stages of ISS (Heegard et al., 

1998).  Table 2.5 demonstrates the concentration of serum amyloid A in healthy and infected 

animals, and its relative contribution to total serum protein content.  In general, baseline values 

are negligible in healthy animals, however the concentration of serum amyloid A has been 

shown to increase up to 1.25 g/L of serum in infected pigs, constituting approximately 2% of 

total serum protein content.   
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Table 2.5 Concentration of serum amyloid A in healthy and sick animals and its relative contribution to total serum protein content. 

  

Serum Amyloid A 

Concentration 

Total Protein 

Concentration Health Status 

Age or Body 

Weight (kg) Species 

Relative 

Contribution  Reference 

serum 0.006 g/L 48 g/L
0
 healthy 5 WOA swine 0.01% Sorensen et al. 2006 

 0.05-0.45 g/L
*
  infected D2   0.1-1%  

        serum 0.0031 g/L 54 g/L
0
 control 10 WOA swine 0.01% Parra et al. 2006 

 

0.00027-0.0724 g/L
*
 

 

infected 5-21 WOA 

 

0.0005-0.13% 

 

        serum 0 g/L 54 g/L
0
 healthy 10 WOA swine 0% Hulten et al. 2003 

 

0.572 g/L (0.17-1.25)
*
 infected + treated 

  

1.1 (0.3-2.3)% 

 

 

0.884 g/L (0.26–1.25)
*
 infected - treated 

  

1.6 (0.5-2.3)% 

 

        serum 0.014 g/L 75.3 g/L healthy 

 

cattle 0.02% Toussaint et al. 1995
a
 

  0.035 g/L 74.4 g/L non-healthy     0.05%   

Data presented as means; range given in brackets, if available 
0 
total protein concentration not measured, values assumed based on values from Miller et al., 1961 

* significantly different from control at 5% level 

a: data from Alsemgeest 1994 

MOA: months of age; DOA: days of age; WOA: weeks of age 
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Porcine major acute phase protein is a recently discovered APP (approximate molecular 

weight 120 kDa) with unknown function; however, it has been reported as a sensitive indicator 

of infection (Heegard et al., 1998).  In young pigs, its serum concentration increased between 6 

and 12-fold after infection (Heegard et al., 1998; Sorensen et al., 2006; Table 2.6).  Baseline 

concentrations of porcine major acute phase protein range from 0.42 up to 1.6 g/L of serum, and 

have been shown to increase up to 6.65 g/L of serum in infected pigs, contributing up to 12% of 

total serum protein.  

 

2.2.2.2 Negative Acute Phase Proteins 

 Alpha-1 acid glycoprotein, a 50kDa sialoglycoprotein, is proposed to maintain homeostasis 

by reducing tissue damage associated with inflammation (Murata et al., 2004).  At birth, it can 

account for nearly 50% of the total serum proteins in piglets; however, it progressively decreases 

to a negligible concentration by 6 months of age (Lampreave et al., 1994).  Even though alpha-1 

acid glycoprotein is considered a negative APP, elevated serum levels have been observed in 

pigs with infectious diarrhea (Itoh et al., 1992); however most studies have shown minor or no 

significant changes in alpha-1 acid glycoprotein concentration in pigs during ISS (Eckersall et al., 

1996; Lampreave et al., 1994; Webel et al., 1997; Table 2.7).   
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Table 2.6 Concentration of porcine major acute phase protein in healthy and sick animals and its relative contribution to total serum 

protein content. 

  

Porcine Major Acute Phase 

Protein Concentration 

Total Protein 

Concentration 

Health 

Status 

Age or Body 

Weight (kg) Species 

Relative 

Contribution  Reference 

serum 0.42-0.67 g/L 57 g/L
0
 infected D0 13 WOA swine 0.7-1.17% Heegard et al. 1998 

 

4-6.65 g/L
*
 

 

infected D2 

  

7-11.7% 

 

        

        serum 0.63 (0.53–0.70) g/L  48 g/L
0
 healthy 5 WOA swine 1.30% Sorensen et al. 2006 

 

2-6 g/L
*
 

 

infected  

  

4.2-12.5% 

 

        serum 1.1 g/L 57 g/L
0
 healthy 12 WOA swine 1.9% Pineiro et al. 2009 

 1.90 g/L
*
  infected   3.3%  

        

serum 0.76 g/L 54 g/L
0
 SPF 10 WOA swine 1.4% Parra et al. 2006 

 1.05-3.32 g/L
*
  infected 5-21 WOA  1.9-6.2%  

Data presented as means; range given in brackets, if available 

* significantly different at 5% level  
0 
total protein concentration not measured, values assumed based on values from Miller et al., 1961 

   MOA: months of age; DOA: days of age; WOA: weeks of age
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Table 2.7 Concentration of alpha-1 acid glycoprotein in healthy and sick animals and its relative contribution to total plasma protein 

content. 

  

Alpha-1 Acid 

Glycoprotein 

Concentration 

Total Protein 

Concentration Health Status 

Age or Body 

Weight (kg) Species 

Relative 

Contribution  Reference 

plasma 

 

53 g/L
0
 0h after injection 6 WOA swine 

 

Webel et al. 1997 

 

1.117 g/L LPS
a
 0 μg/kg (11.55 ±0.19kg) 2.11% 

 

 

1.025 g/L LPS 0.5 μg/kg 

 

1.93% 

 

 

1.077 g/L LPS 5 μg/kg 

  

2.03% 

 

   

2h after injection 

    

 

1.123 g/L LPS 0 μg/kg 

  

2.12% 

 

 

1.050 g/L LPS 0.5 μg/kg 

 

1.98% 

 

 

1.118 g/L LPS 5 μg/kg 

  

2.11% 

 

   

4h after injection 

    

 

1.266 g/L LPS 0 μg/kg 

  

2.39% 

 

 

1.065 g/L LPS 0.5 μg/kg 

 

2.01% 

 

 

1.065 g/L LPS 5 μg/kg 

  

2.01% 

 

   

8h after injection 

    

 

1.316 g/L LPS 0 μg/kg 

  

2.48% 

 

 

1.281 g/L LPS 0.5 μg/kg 

 

2.42% 

 

 

1.073 g/L LPS 5 μg/kg 

  

2.02% 

 

   

12h after injection 

    

 

1.070 g/L LPS 0 μg/kg 

  

2.02% 

 

 

1.076 g/L LPS 0.5 μg/kg 

 

2.03% 

 

 

1.076 g/L LPS 5 μg/kg 

  

2.03% 

 

   

24h after injection 

    

 

1.058 g/L LPS 0 μg/kg 

  

2.00% 

 

 

1.100 g/L LPS 0.5 μg/kg 

 

2.08% 

   0.976 g/L LPS 5 μg/kg     1.84%   
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Table 2.7 Concentration of alpha-1 acid glycoprotein in healthy and sick animals and its relative contribution to total plasma protein 

content (continued). 

  

Alpha-1 Acid 

Glycoprotein 

Concentration 

Total Protein 

Concentration Health Status 

Age or Body 

Weight (kg) Species 

Relative 

Contribution  Reference 

serum 11.87-16.66 g/L 22.2 g/L
0
 conventional newborn swine 53-75% Itoh et al. 1992 

 

4.59-7.70 g/L 50.7 g/L 

 

4 DOA 

 

9-15% 

 

 

0.75-1.81 g/L 47.8 g/L 

 

2 WOA 

 

1.6-3.8% 

 

 

0.51-0.89 g/L 48.3 g/L 

 

4 WOA 

 

1.1-1.8% 

 

 

1.09-1.77 g/L 52.0 g/L 

 

8 WOA 

 

2-3% 

 

 

6.26-6.61 g/L 50.7 g/L SPF
b
 4 DOA 

 

12-13% 

 

 

0.70 -0.97 g/L 47.8 g/L 

 

2 WOA 

 

1.5-2% 

 

 

0.32-0.61 g/L 67.8 g/L 

 

16 WOA 

 

0.5-0.9% 

 

        serum 0.3-0.6 g/L 60-75 g/L infected D0 10-12 WOA swine 0.4-1% Lampreave et al. 1994 

 

0.2-0.5 g/L 60-90 g/L infected D2 (28-39kg) 

 

0.2-0.8% 

 

 

0.3-0.5 g/L 60-90 g/L infected D4 

  

0.3-0.8% 

 

 

0.4-0.5 g/L 60-90 g/L infected D6 

  

0.4-0.8% 

 

 

0.4-0.5 g/L 70-90 g/L infected D8 

  

0.4-0.7% 

 

 

0.4-0.5 g/L 70-90 g/L infected D10 

  

0.4-0.7% 

 

        serum 0.3-0.56 g/L 53 g/L
0
 control 6 WOA swine 0.6-1.1% Eckersall et al. 1996 

 0.3-0.6 g/L 53 g/L
0
 infected   0.6-1.1%  

        serum 1.111 g/L 47.6 g/L
0
 low IS

c
 5 WOA (9.5 kg BW) swine 2.33% Williams et al. 1997 

 

1.499 g/L
*
 high IS 

  

3.15% 

 

 

1.112 g/L 54.1 g/L
0
 low IS 8 WOA (17.5 kg BW) 2.06% 

 

 

1.542 g/L
*
 high IS 

  

2.85% 

 

 

0.9111 g/L 54.1 g/L
0
 low IS 10 WOA (25 kg BW) 1.68% 

 

 

1.401 g/L
*
 high IS 

  

2.59% 
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Table 2.7 Concentration of alpha-1 acid glycoprotein in healthy and sick animals and its relative contribution to total plasma protein 

content (continued). 

  

Alpha-1 Acid 

Glycoprotein 

Concentration 

Total Protein 

Concentration 

Health 

Status 

Age or Body Weight 

(kg) Species 

Relative 

Contribution  Reference 

plasma 0.030 g/L 61.5 g/L control 300g rats 0.05% Breuille et  

 

0.019 g/L 60.6 g/L pair-fed D2 Post Infection 

 

0.03% al.1998 

 

1.053 g/L
**

 57.8 g/L infected D2 Post Infection 

 

1.8% 

 

 

nd 57.1 g/L pair-fed D6 Post Infection 

 

nd 

 

 

0.448 g/L
***

 66.9 g/L infected D6 Post Infection 

 

0.7% 

 

 

nd 61.5 g/L pair-fed D10 Post Infection 

 

nd 

 

 

0.372 g/L
***

 61.8 g/L infected D10 Post Infection 

 

0.6% 

 

        plasma 0.077 g/L 59.3 g/L healthy 8 MOA rats 0.1% Papet et al. 

 

0.114 g/L 64.1 g/L 

 

22 MOA 

 

0.2% 2003
d
 

        plasma 0.0254 g/L 61 (56-66) g/L pair-fed 250g rats 0.04 (0.036-0.049) % Ruot et al.  

 

1.101 g/L
**

 52 (47-57) g/L infected 

  

2.12 (1.82-2.48) % 2000 

        plasma 0.17 g/L 62 g/L infected D0 250-350g  rats 0.27% Schreiber et  

  3.2 g/L 70 g/L infected D2     4.57% al. 1982 

Data presented as means; range given in brackets, if available 

0 total protein concentration not measured, values assumed based on values from Miller at al., 1961 

a: LPS: lipopolysaccharide 

b: SPF: specific pathogen free  

c: IS: immune stimulation 

d: 8 MOA: adult rats; 22 MOA: old rats, aging associated with dysregulation of immune and inflammatory functions 

nd: not determined 

* significantly different from low IS at 5% level  

** significantly different from pair-fed animals at 5% level  

*** significantly different from control at 5% level 

 statistical analysis not performed 

MOA: months of age; DOA: days of age; WOA: weeks of age 
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Albumin (approximate molecular weight 65 kDA) is the most abundant constitutive 

plasma protein, comprising between 40 and 63% of total plasma protein content in swine (Foster 

et al., 1950; Murata et al., 2004; Ramirez et al., 1963).  It plays an important role in maintaining 

osmotic pressure between intravascular compartments and body tissues, as well as acting as a 

carrier protein for steroids, fatty acids and hormones (Peters, Jr., 1996).  During disease, this 

function becomes increasingly important, as it helps protect cells from oxidation.  Further, 

albumin may function as an antioxidant because of its free sulfhydryl group, which can scavenge 

harmful ROS (Peters, Jr., 1996).  Table 2.8 shows the concentration of albumin in healthy and 

infected animals, as well as its relative contribution to total plasma protein content.  Generally, 

albumin concentration decreases significantly from baseline levels during ISS (Papet et al., 2003; 

Rakhshandeh and de Lange, 2010; Ruot et al., 2000; Toussaint et al., 1995).  While albumin is 

considered to be a negative APP, its synthesis rate has been shown to increase during ISS 

(Jahoor et al., 1999; Mansoor et al., 1997; Reeds and Jahoor, 2001; Ruot et al., 2000; von Allmen 

et al., 1990).  
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Table 2.8 Concentration of albumin in healthy and sick animals and its relative contribution to total plasma protein content. 

  

Albumin 

Concentration 

Total Protein 

Concentration 

Health 

Status 

Age or Body 

Weight (kg) Species 

Relative 

Contribution  Reference 

        plasma 24 g/L 60 g/L healthy 21 DOA swine 40% Foster et al. 1950 

        

 

22.4 g/L 56 g/L 

 

56 DOA 

 

40% 

         

                plasma 23-25 g/L 48 g/L healthy 14 DOA swine 47-52% Ramirez et al. 1963 

        

 

28-30 g/L 49 g/L 

 

35 DOA 

 

58-62% 

         

                plasma 25 g/L 47.6 g/L
0
 control 5 WOA swine 53% Jahoor et al. 1999 

        

 

30 g/L
*
 47.6 g/L

0
 infected  

  

63% 

         

                plasma 26.4 g/L 53 g/L
0
 control 6 WOA swine 49.80% Rakhshandeh and  

        

 

23.4 g/L
 *
 53 g/L

0
 infected (11kg) 

 

44.10% de Lange 2010 

        

                serum 20-30 g/L 60-75 g/L infected D0 10-12 WOA swine 27-50% Lampreave et al. 1994 

        

 

15-20 g/L 60-90 g/L infected D2 (28-39kg) 

 

17-33% 

         

 

12-20 g/L 60-90 g/L infected D4 

  

13-33% 

         

 

12-20 g/L 60-90 g/L infected D6 

  

13-33% 

         

 

12-22 g/L 70-90 g/L infected D8 

  

13-31% 

         

 

15-20 g/L 70-90 g/L infected D10 

  

17-29% 

         

                serum 23 g/L 47.5 g/L healthy 21 DOA swine 47.6% Miller et al. 1961 

        

 

22 g/L 48.3 g/L 

 

28 DOA 

 

45.7% 

         

 

23 g/L 47.6 g/L 

 

35 DOA 

 

47.4% 

          25-34 g/L 47.6 g/L infected
a
 35 DOA  46-63%          

                

serum 18 (9-24) g/L  63 (48-80) g/L  healthy 7 DOA swine 29 (11-50)% Tumbleson and          

 25 (19-35) g/L  57 (44-76) g/L   56 DOA  44 (35-80)% Kalish 1971         
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Table 2.8 Concentration of Albumin in Healthy and Sick Animals and its Relative Contribution to Total Plasma Protein Content 

(continued). 

 
Albumin Concentration 

Total Protein 

Concentration 

Health 

Status 

Age or Body 

Weight (kg) Species 

Relative 

Contribution  Reference 
         35.6 g/L 75.3 g/L healthy  cattle 47% Toussaint et al.          

 29.1 g/L 74.4 g/L non-healthy   39% 1995
a
         

                

plasma 22.3 g/L 59.3 g/L healthy 8 MOA rats 38% Papet et al. 2003
b
 

        

 

17.5 g/L
**

 64.1 g/L 

 

22 MOA 

 

27% 

         

                plasma nd 61.5 g/L control 300g rats 

 

Breuille et al. 1998 

        

 

35 g/L 60.6 g/L pair-fed D2 Post Infection 58% 

         

 

20.9 g/L
*
 57.8 g/L infected D2 Post Infection 26% 

         

 

36.5 g/L 57.1 g/L pair-fed D6 Post Infection 64% 

         

 

21.6 g/L
*
 66.9 g/L infected D6 Post Infection 32% 

         

 

32.5 g/L 61.5 g/L pair-fed D10 Post Infection 53% 

         

 

15.8 g/L
*
 61.8 g/L infected D10 Post Infection 26% 

         

                plasma 19.4 (18.6-20.2) g/L  61 (56-66) g/L pair-fed 250g rats 32 (28-36)% Ruot et al. 2000 

        

 

12.8 (12.2 -13.4) g/L
*  

52 (47-57) g/L infected 

  

25 (21-29)% 

         

                plasma 35 g/L 62 g/L infected D0 250-350g  rats 56% Schreiber et al.  

          23 g/L 70 g/L infected D2     33%  1982 

        Data presented as means; range given in brackets, if available 

nd: not determined 

* significantly different from (pair-fed) controls at 5% level 

** significantly different from adult rats at 5% level 

 statistical analysis not performed 
0
 total protein concentration not measured, values assumed based on values from Miller et al., 1961 

a: data from Alsemgeest, 1994 

b: 8 MOA: adult rats; 22 MOA: old rats, aging associated with dysregulation of immune and inflammatory functions 

MOA: months of age; DOA: days of age; WOA: weeks of age 
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2.2.3 Production of Antioxidants 

As a response to stress and infection, the host activates the production of free radical 

products, such as ROS (Grimble, 2002; Klasing, 2007; Reeds and Jahoor, 2001).  Cytokines such 

as IL-1 and TNF- stimulate the production of ROS, including hydrogen peroxide and nitric 

oxide from phagocytic and endothelial cells in an effort to destroy invading organisms (Hunter 

and Grimble, 1994).  These free radical products can activate the nuclear factor B transcription 

factor.  While this pathway is important in the transcription of APP and cytokines, it can also 

result in biological processes that are detrimental to the host, such as transcription of certain viral 

genes (Grimble, 2002; Hunter and Grimble, 1994), lipid and protein oxidation, as well as DNA 

strand-break damage (Metayer et al., 2008; Figure 2.4).  Protein oxidation is particularly 

undesirable, as it leads to damaged proteins and may contribute to changes in protein metabolism 

and function (Metayer et al., 2008).  As a result, there is an increased need to counteract free 

radical products.  Glutathione is the major intracellular antioxidant, consisting of a tripeptide of 

glutamate, cysteine and glycine (Wu et al., 2004).  Glutathione exists in a reduced (GSH) and 

oxidized (GSSG) form within the cell and the ratio of GSH:GSSG is the most important 

indicator of the reduction/oxidation (redox) potential (Roth, 2007).  Glutathione plays many 

important roles within the body besides scavenging free radicals and other ROS directly (Lu, 

2009; Malmezat et al., 2000a; Wu et al., 2004).  It is essential for the activation of T-

lymphocytes and polymorphonuclear leukocytes, as well as the production of cytokines and the 

synthesis of leukotrienes, which makes it crucial for mounting a successful immune response.  

Glutathione is also involved in DNA and protein synthesis.  Furthermore, it acts a reservoir of 

cysteine during food deprivation and is the major source of cysteine for lymphocytes (Lu, 2009).  

Yet, during inflammatory conditions, it would appear as though there is a temporal change in the 
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use of GSH as a cysteine source.  Initially, there is a decrease in tissue GSH concentration 

indicating the potential catabolism of GSH for the release of cysteine, which is followed by an 

increase in utilization of cysteine for GSH synthesis thereafter (Malmezat et al., 2000a). 

 

 

2.3 Skeletal Muscle Catabolism and Immune System Stimulation 

 As a result of the decreased nutrient intake due to anorexia, tissue mobilization is 

required to meet the changes in AA needs during ISS (Reeds and Jahoor, 2001; Stein, 1982).  

Figure 2.4 Schematic representation of the effects of cytokines and GSH on reactive 

oxygen species (adapted from Grimble, 2002; Hunter and Grimble, 1994; Klasing, 2007; 

Metayer et al., 2008; Reeds and Jahoor, 2001).  IL-6: interleukin-6; IL-1: interleukin-1; 

TNF-: tumour necrosis factor ; NFB: nuclear factor B; ROS: reactive oxygen 

species; GSH: glutathione 
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Inflammatory cytokines result in the release of glucocorticoids, which have a catabolic effect on 

lean tissue, particularly skeletal muscle (Grimble, 2002; Le Floc’h et al., 2004).  Additionally, 

skeletal muscle exhibits inducible expression of receptors for pro-inflammatory cytokines that 

results in reduced AA uptake, inhibition of protein synthesis, and increased protein breakdown 

(Zhang et al., 2000).  The released AA are used for APP and GSH synthesis in the liver (Grimble, 

1992; Malmezat et al., 2000a) and as a preferential energy source for immune cells (e.g. 

glutamine; Li et al., 2007), while the remaining AA may be utilized for gluconeogenesis or as a 

source of energy (Obled, 2003).  The AA composition of muscle is rather constant (Reeds and 

Jahoor, 2001).  As mentioned earlier, the balance among AA required for up-regulated metabolic 

pathways during ISS differs from that released during skeletal muscle proteolysis (Reeds and 

Jahoor, 2001).  Thus, skeletal muscle proteolysis may lead to an excess release of non-limiting 

AA, in order to supply sufficient amounts of AA required for the immune response (Le Floc’h et 

al., 2004).  For example, during a diseased state, AA such as glutamine and cysteine, which are 

considered not essential and typically not limiting in healthy animals, may become limiting for 

mounting an immune response (Reeds and Jahoor, 2001).  Reeds et al. (1994) examined the 

amount of muscle proteolysis required to supply AA for a “typical” APR in adult humans.  It was 

concluded that in order to increase APP by 850 mg/kg body weight, 1980 mg/kg body weight of 

muscle protein needs to be mobilized, due to the mismatch between the AA composition of APP 

and muscle proteins.  Catabolism of the remaining non-limiting AA is associated with increased 

excretion of nitrogenous products in urine (Breuille et al., 2006; Grimble, 2006; Hou et al., 2003; 

Hunter and Grimble, 1994; Reeds and Jahoor, 2001).  The rate of nitrogen excretion can vary 

depending on the severity of the trauma, from 9 g/d in a mild infection to 20-30 g/d following 

severe traumatic injury (Wilmore, 1983). 
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2.3.1 Use of Mobilized AA for Gluconeogenesis 

 The large flux of newly synthesized immune cells during an inflammatory response 

increases energy requirements to support various metabolic processes, such as clonal 

proliferation.  Pro-inflammatory cytokines redirect the AA mobilized from skeletal muscle, 

particularly glutamine, towards deamination and gluconeogenesis (Grimble, 2002).  In fact, 

during peak ISS, oxygen consumption and glucose utilization per lymphocytic cell increases 

approximately 2-fold (Cheung and Morris, 1984).  Leukocytes and enterocytes, which lack 

glutamine synthetase, the enzyme required to synthesize glutamine, have a particularly high 

requirement for glutamine as an energy source.  Glutamine is an important fuel for enterocytes, 

for maintaining the integrity of the intestinal barrier during disease, and to prevent translocation 

of intestinal microorganisms to the systemic circulation (Li et al., 2007).  Additionally, the 

normal functioning of lymphocytes is dependent upon cellular supplies of cysteine (Hunter and 

Grimble, 1997).  However, mobilized AA are also an important energy source for the liver, in 

order to support the increased hepatic protein synthesis that occurs during ISS (Colditz, 2004). 

 

2.3.2 Use of Mobilized AA for the Synthesis of APP 

 Total hepatic protein synthesis increases substantially during ISS, with a preferential 

stimulation of secreted protein, underlining the importance of APP and GSH to the host’s 

recovery (Breuille et al., 2006; Sax et al., 1988).  Following the release of pro-inflammatory 

cytokines, ACTH induces the secretion of glucocorticoids, which exert a catabolic effect on 

skeletal muscle but an anabolic effect on the liver (Colditz, 2004; Webel et al., 1997).  Within 

the first few days following a stressor, muscle protein loss results from a decrease in protein 

synthesis and an increase in protein degradation, whereas hepatic protein synthesis increases 30 
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to 100% depending on the disease model evaluated (Breuille et al., 1998).  In a study conducted 

by Sax et al. (1988), hepatic protein synthesis was increased after 16 hours in a cecal ligation and 

puncture-induced septic rat model, while skeletal muscle catabolism was triggered 8 hours after 

induction of sepsis (Hasselgren et al., 1986).  This suggests that muscle is more sensitive than 

liver to the signals that initiate both muscle proteolysis and hepatic protein synthesis for the 

purpose of providing the liver with the necessary AA to support the immune response.  The same 

investigators found that hepatic protein synthesis in vivo was enhanced by 74% 96 hours after 

the induction of sepsis using a modified cecal ligation and puncture model and the synthetic rate 

of secreted proteins was significantly higher in perfused livers from septic rats than from pair-fed 

controls (von Allmen et al., 1990).  These data confirm that the strong APR ensuing from ISS 

results in an increased need for AA for the synthesis of APP.  It is estimated that roughly 45g of 

protein are required daily in order to produce and sustain an increase in APP during infection in 

humans (Moldawer, 1992).  During a peak response, this can account for 25-30% of whole body 

protein synthesis (Waterlow, 1991).  Furthermore, it is important to note that the synthesis of 

some of these proteins remains elevated even when clinical signs of infection have disappeared 

(Reeds and Jahoor, 2001).    

 

2.3.3 Use of Mobilized AA for the Synthesis of GSH and Other Antioxidants  

Glutathione concentration is altered in many inflammatory conditions (Jahoor et al., 

1995; Malmezat et al., 2000a).  Initially, there is a decrease in tissue GSH concentration, likely 

due to a decrease in availability of substrates needed for GSH synthesis despite the concurrent 

enhanced GSH needs.  However, this is followed quickly by an increase in GSH concentration 

during the first few days following infection, which can be attributed to increased GSH synthesis 
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and the supply of AA mobilized from skeletal muscle (Malmezat et al., 2000a).  In a study using 

a septic rat model, the GSH concentration was greater in septic rats when compared to pair-fed 

rats in nearly all tissues, despite the strong anorexia observed (Malmezat et al., 2000a).  In fact, 

liver GSH concentration was even greater in the septic rats when compared to healthy rats, which 

suggests that the host was able to improve its GSH status in response to infection.  Similarly, in 

turpentine challenged pigs fed low or high protein diets, hepatic GSH concentration did not 

differ between the groups (Jahoor et al., 1995).  However, inflammation was associated with a 

decrease in erythrocyte and jejunal mucosa GSH concentration and synthesis in the pigs fed a 

low protein diet, such that the authors concluded that the protein-deficient animals could not 

maintain GSH homeostasis when subjected to inflammation.  Two potential mechanisms were 

considered for this reduction in GSH synthesis.  First, it may reflect the restricted supply of the 

component AA.  It seems unlikely that glycine supply would be limiting since the utilization of 

glycine for GSH synthesis in undernourished animals represented less than 2% of the plasma-

glycine flux (Jahoor et al., 1995).  Glutamate depletion has been implicated in diminished GSH 

synthesis, although based on pool size, cysteine is most frequently considered as the rate-limiting 

component (Grimble, 2002; Klasing, 2007; Lyons et al., 2000).  In fact, animal models of 

inflammation have shown suppressed GSH synthesis in response to a low protein diet, which can 

be reversed by the provision of cysteine or methionine (Hunter and Grimble, 1994, 1997).  

Second, it may reflect accelerated loss of GSH from the body, either through the secretion of 

GSH conjugates or through extracellular export and catabolism of GSSG.  In fact, during disease, 

the increase in oxidative stress results in a shift in the GSH:GSSG ratio, towards an increase in 

oxidized glutathione (Eklow et al., 1984).  Glutathione reductase can reduce GSSG to GSH; 

however the activity of this nicotinamide adenine dinucleotide phosphate (NADP+ or NADPH) 
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dependent enzyme can be inhibited by decreasing the NADPH:NADP+ redox level.  In this 

situation, GSSG is exported from the cell to restore GSH redox state, resulting in a reduction of 

the cellular GSH pool.  Consequently, the cellular redox potential becomes dependent on de 

novo GSH synthesis (van de Poll et al., 2006).  Thus, it is likely a combination of both 

mechanisms that results in decreased erythrocyte GSH synthesis.  

 

The activity of the enzymes involved in GSH kinetics can have an important effect on its 

concentration during ISS.  GSH is synthesized by nearly all organs of the body in a two-step 

metabolic pathway (Lu, 2009; Malmezat et al., 2000a).  Firstly, glutamate and cysteine are 

converted to -glutamyl-l-cysteine catalyzed by glutamate cysteine ligase (GCL).  This is the 

rate-limiting step in the synthesis of GSH.  Secondly, glutathione synthase (GS) catalyzes the 

formation of GSH from -glutamyl-l-cysteine and l-glycine.  After the induction of stress in 

animals, it has been shown that GSH status has been improved as a result of increased GCL 

activity (Malmezat et al., 2000a), in particular the catalytic unit (Rakhshandeh et al., 2010b).  In 

fact, GCL activity in whole liver was 50% higher in infected rats compared to pair-fed controls 

(Malmezat et al., 2000a).  Furthermore, Rakhshandeh et al. (2010b) have demonstrated that 

while ISS had no effect on GS expression in the liver, it was able to significantly increase 

expression in the small intestine of pigs.   

 

2.4 Sulfur Amino Acids and Immune System Stimulation 

 The increased synthesis of proteins and peptides required during ISS results in a specific 

AA requirement (Breuille et al., 2006).  Altogether, the research implies that sulfur AA 

(methionine plus cysteine; M+C) may become first limiting among AA during ISS for the 
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synthesis of APP, GSH and other antioxidants.  While APP are not particularly rich in M+C, 

with the exception of albumin, their increased synthesis rates during ISS will result in an 

increased demand for M+C.  In fact, it was noted that cysteine is released from skeletal muscle in 

quantities closest to the theoretical requirements for the synthesis of APP (Reeds et al., 1994), 

suggesting that it is first limiting among AA during ISS.   

 

 Of the commonly measured APP, there are a few that play an important role in M+C 

economy during ISS.  Fibrinogen contains approximately 4% cysteine (The UniProt Consortium, 

2012) and Fb plasma concentrations (Table 2.4) and synthesis rates increase moderately during 

ISS.  For example, Jahoor et al. (1999) showed 30% and 140% increases in plasma 

concentrations and synthesis rates, respectively, in pigs 2 days post-challenge with turpentine.  

Preston et al. (1998) estimated that the synthesis of 1g of Fb would require the degradation of 

2.6g of muscle protein.  Thus, it is evident that the substantial increase in Fb concentration and 

synthesis rate during ISS contributes to the considerable increase in M+C needs for positive APP 

synthesis.   

 

 Albumin contains 3-6 times more cysteine than most other proteins (6% vs. 1-2%; Breuille 

et al., 2006; Reeds and Jahoor, 2001).  While albumin is considered a negative APP (Breuille et 

al., 1998; Lampreave et al., 1994; Murata et al., 2004), it has been shown to have an enhanced 

synthesis rate during ISS (Jahoor et al., 1999; Mansoor et al., 1997; Reeds and Jahoor, 2001; 

Ruot et al., 2000; von Allmen et al., 1990).  The decrease in plasma albumin concentration may 

be due to the enhanced capillary permeability observed during an APR, which results in a shift of 

albumin from the intravascular to the extravascular spaces (Peters, Jr., 1996).  Thus, its persistent 
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synthesis in the face of a limited AA supply can have a considerable effect on M+C economy. 

 

Sulfur AA economy is also highly related to the increased synthesis of GSH during ISS.  

The GSH status is dependent on both an increase in GCL activity (Malmezat et al., 2000a), as 

well as GS expression in certain tissues (Rakhshandeh et al., 2010b).  When comparing ISS-pigs 

and pair-fed controls, an increase in M+C intake enhanced GS transcription in the small intestine 

(Rakhshandeh et al., 2010b).  

 

In addition to the synthesis of GSH, M+C are implicated in other antioxidant systems for 

counteracting free radical products during disease.  Taurine, one of the end products of cysteine 

metabolism, has an apparent role in immune function.  It acts as a cell membrane stabilizer and 

possesses antioxidant properties (Grimble, 2002).  Its formation has been shown to increase in 

septic rats (Malmezat et al., 1998) and it is particularly abundant in lymphocytes (Roth, 2007; 

van de Poll et al., 2006).  Additionally, the methionine sulfoxide reductase (Msr) system is a 

system of enzymes that utilizes the methionine residues as catalytic antioxidants (Metayer et al., 

2008).  Each cycle of methionine oxidation and reduction can destroy one equivalent of ROS.  

Furthermore, this system is important in the repair of oxidized proteins.  During ISS, free radical 

products induce protein oxidation.  These damaged proteins can be eliminated from cells by two 

processes; either protein degradation or protein repair.  The Msr system is the only system 

identified that can repair oxidative damage.  Thus, it not only represents a natural scavenging 

system, but also an important repair mechanism to conserve protein structure and function 

(Metayer et al., 2008). 
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Methionine also plays an important role as a methyl donor for processes such as DNA 

methylation and polyamine synthesis (Grimble, 2002; van de Poll et al., 2006).  These roles 

become increasingly important during immune system stimulation to support the proliferation of 

immune cells (Dwyer, 1979).  

 

Since methionine can be used as a precursor for cysteine synthesis through the hepatic 

transsulfuration (TS) pathway (Figure 2.5; Lu, 2009), it would be expected that if cysteine 

requirements were increased, a higher rate of methionine TS would be induced.  This is indeed 

the case during ISS.  Oxidant stress has been shown to increase methionine TS in order to meet 

the increased cysteine demand for GSH synthesis (Finkelstein, 2000; Malmezat et al., 2000b; 

Mosharov et al., 2000).  In fact, the addition of methionine to protein deficient diets was able to 

normalize tissue GSH content in rats injected with TNF- (Hunter and Grimble, 1994).   
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Figure 2.5 Pathways of sulfur amino acid metabolism (adapted from Lu, 2009; Stipanuk et al., 

2006).  The transsulfuration pathway converts methionine to cysteine, which is then converted to 

glutathione via the glutathione synthetic pathway.  Methionine can also be resynthesized from 

homocysteine.1, methionine adenosyltransferase; 2, transmethylation reactions; 3, S-

adenosylhomocysteine hydrolase; 4, cystathionine ß-synthase; 5, γ-cystathionase; 6, glutamate 

cysteine ligase; 7, glutathione synthase; 8, methionine synthase; 9, betaine-homocysteine 

methyltransferase. 
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 To further support the concept of M+C as limiting among AA during ISS, it is important 

to examine the pathways of M+C catabolism.  Normally, cysteine is catabolized through sulfate 

or taurine production (Stipanuk et al., 2006; Figure 2.5); however, during oxidative stress, the 

rate of cysteine catabolism through the sulfate pathway is dramatically lowered (Malmezat et al., 

1998).  Taurine synthesis, on the other hand, has been shown to increase during ISS, as it plays a 

role in immune function (Malmezat et al., 1998).  These changes in M+C metabolism indicate 

the sparing of cysteine and a diversion from catabolism into cysteine-rich proteins during ISS 

(Hunter and Grimble, 1994).  Based on these considerations, the need for both methionine and 

cysteine for supporting the response to ISS is increased.  However the effect of ISS on the 

minimum dietary methionine to M+C ratio has not been explored.  This minimum ratio is an 

important consideration in diet formulation and has been established for pigs in a relatively 

disease-free environment (NRC, 1998; Gillis et al., 2007). 

 

2.4 Conclusions and Implications 

Disease occurs frequently during intensive swine production and impacts animal 

performance and dietary AA requirements.  The negative impact of disease on animal 

performance may in part be attributed to dietary AA deficiency, excessive AA utilization for 

other purposes such as the synthesis of APP or GSH during stress, or a combination of both.   

 

Previous research has shown the important role of M+C in the animals’ response to ISS 

and the need for M+C appears to be an important factor that affects muscle protein degradation 

during ISS.  Cysteine is considered the first limiting AA for GSH synthesis, methionine is crucial 

in the Msr system and M+C are important AA for APP synthesis.  Although APP, with the 
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exception of albumin, are not particularly rich in cysteine, the increased plasma concentration of 

these proteins contributes to increased M+C needs.  Additionally, reduced excretion of urinary 

sulfur compounds, suggests that M+C are preferentially retained during ISS.  

 

Taken together, these data demonstrate that M+C requirements for maintaining immune 

function are increased during disease and that in order to reduce the negative effects of ISS on 

animal productivity, dietary supplementation of M+C is critical.  However, very limited 

information is available on the impact of ISS on quantitative estimates of dietary M+C 

requirements, especially concerning the optimum ratio between methionine and cysteine in the 

diet of growing pigs. 
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3.0 RATIONALE AND OBJECTIVES 

 It is well documented that even moderate and subclinical levels of disease reduce growth 

performance and feed efficiency of pigs.  Immune system stimulation (ISS) in response to 

environmental antigens results in the development of anorexia, hyperthermia as well as changes 

in amino acid (AA) metabolism.  The synthesis of hepatic proteins and peptides, such as acute 

phase proteins (APP) and glutathione (GSH), increases to support the immune response.  

Meanwhile, and due in part to decreased feed consumption and dietary AA intake, skeletal 

muscle protein is catabolized, providing AA for the synthesis of hepatic proteins and peptides.  

However, the AA profile of these up-regulated hepatic proteins and peptides varies greatly from 

that of skeletal muscle protein.  This mismatch in AA profiles reflects requirements for specific 

AA during disease.   

 

 Relative to other AA, requirements for the sulfur AA (methionine plus cysteine; M+C) 

appear increased to the largest extent during ISS.  Cysteine is generally the first limiting AA for 

GSH synthesis, while methionine is crucial in the methionine sulfoxide reductase system and can 

be used for cysteine synthesis in the transsulfuration pathway.  Furthermore, M+C are important 

for APP synthesis.  Although APP, with the exception of albumin, are not particularly rich in 

cysteine, the increased production of APP results in an increased cysteine need.  Cysteine is 

among the AA released from skeletal muscle in quantities closest to the theoretical requirements 

for APP synthesis, implicating this AA as limiting during ISS unless adequately supplemented in 

the diet.  Furthermore, it has been noted that urinary N excretion resulting from skeletal muscle 

catabolism is proportionally greater than that of urinary sulfur compounds, suggesting that M+C 

are preferentially retained during ISS.  
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 Previous research has shown that the synthesis of APP and GSH is influenced by the 

adequacy of protein and M+C intake.  Since methionine can be converted to cysteine through the 

transsulfuration pathway, but not vice versa, it has been suggested that there is a minimum 

dietary methionine to methionine plus cysteine ratio (M:M+C), at which methionine and M+C 

utilization for protein synthesis is maximized.  Determining the optimal M:M+C is necessary in 

order to appropriately fortify the diets of ISS animals and aid in the recovery process.   

 

By more closely matching the animal’s M+C requirements and optimizing the M:M+C 

during ISS, skeletal muscle catabolism can be decreased thereby accelerating the animal’s 

recovery process  as well as reducing the negative impact of N excretion on the environment. 

 

The objectives of the research that is presented in this thesis were to 1) determine the 

optimal M:M+C in ISS pigs (Chapter 4) and 2) determine the effect of ISS and M+C intake on 

the fractional synthesis rate of various tissues involved in the immune response (e.g. liver and 

intestine), as well as key APP (Chapter 5).  The first objective was accomplished by conducting a 

nitrogen (N) balance study in which growing pigs were fed diets containing graded levels of 

M:M+C, prior to and during ISS.  The N-balance technique was chosen as it provides a relative 

and rather simple measure of whole body protein deposition and allows estimation of total 

irreversible loss of AA via pathways other than body protein deposition.  A flooding dose of L-

[ring-2H5]-phenylalanine was used to address the second objective.  An intravenous dose was 

given to both healthy and ISS pigs consuming diets with varying levels of daily M+C intake.  

This method was selected for two main reasons.  First, measurements of the rate of incorporation 

of a labeled AA over a given period of time have been determined to be the simplest method of 
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measuring protein synthesis.  Second, the flooding dose technique was employed in order to 

minimize the potential errors associated with the exchange or recycling of AA.  Albumin and 

fibrinogen were selected as the APP of interest, due to the high M+C content of albumin 

compared to most other proteins, as well as the relatively large anticipated increase in production 

of these APP during ISS.    
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4.0 IMMUNE SYSTEM STIMULATION INCREASES THE OPTIMAL DIETARY 

METHIONINE TO METHIONINE PLUS CYSTEINE RATIO IN GROWING PIGS.  

 

4.1 Abstract 

Chronic subclinical levels of disease occur frequently in intensive swine production and 

compromise nutrient utilization efficiency.  Sulfur amino acids (methionine plus cysteine; M+C) 

have been implicated in improving the animal’s response to immune system stimulation (ISS), as 

substrates for generating compounds involved in the immune response, such as glutathione and 

albumin.  A nitrogen (N) balance study was conducted to assess the optimal dietary methionine 

to methionine plus cysteine ratio (M:M+C) during ISS in 20 kg pigs.  Thirty-six pigs were fed 

800 g/d of one of five M+C-limiting diets, containing graded levels of M:M+C (0.42, 0.47, 0.52, 

0.57, 0.62) and supplying 2.5 g/d of M+C.  After adaptation, N balances were determined 

sequentially during a 5-d pre-challenge N-balance period and two ISS challenge N-balance 

periods of 3 and 4 d, respectively.  To induce ISS, pigs were injected intramuscularly with 

repeated and increasing doses of E. coli lipopolysaccharide.  Eye temperature and blood 

parameters confirmed effective ISS.  In the ISS challenge N-balance period 1, ISS reduced the 

mean N-balance more severely than in the ISS challenge N-balance period 2 (8.7±0.3 vs. 9.6±0.4 

g/d) and was lower than the pre-challenge N-balance period (10.0±0.2 g/d).  An interactive effect 

of ISS and diet on N-balance was observed (P < 0.001).  Based on quadratic-plateau regression 

analysis the optimal dietary M:M+C was determined to be 0.57 ± 0.03 and 0.59 ± 0.02 for the 

pre-challenge period and ISS challenge period 2, respectively.  The optimal dietary M:M+C for 

the ISS challenge N-balance period 1 was found to be greater than 0.62, suggesting that the 

optimal M:M+C is greater during initial ISS.  It is suggested that this may be a result of toxic 
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properties of cysteine and preferential use of methionine during ISS.  In conclusion, ISS results 

in an increase in the optimal dietary M:M+C in growing pigs.   

 

4.2 Introduction 

 Whole body protein deposition (Pd) represents the balance between the concurrent 

processes of body protein synthesis and body protein degradation (Metayer et al., 2008).  In an 

effort to maximize Pd and optimize nutrient utilization in pigs, there is a need to determine the 

dietary amino acid (AA) requirements for Pd at each stage of development and under varying 

environmental conditions.  The AA requirements of growing pigs have been studied extensively 

(NRC, 1998).  However, there is limited information about the impact of disease on AA 

requirements of growing pigs, even though some AA may play an important role in the animal’s 

immune response (Hunter and Grimble, 1994, 1997; Malmezat et al., 2000b; Melchior et al., 

2004).  It has been noted that cysteine is released from skeletal muscle protein in quantities 

closest to the theoretical requirements for the synthesis of acute phase proteins (APP) (Reeds et 

al., 1994).  This finding suggests that cysteine is limiting for supporting the immune system 

unless it is adequately supplemented in the diet.  Since methionine can be converted to cysteine 

through the transsulfuration pathway, but not vice versa (Lu, 2009), it has been suggested that 

there is a minimum dietary methionine to methionine plus cysteine ratio (M:M+C), at which 

methionine and M+C utilization for Pd is maximized.  The present study was undertaken to 

determine the optimal M:M+C during immune system stimulation (ISS) in growing pigs using 

the N-balance method.   
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4.3 Materials and Methods 

4.3.1 Animals and General Experimental Design 

All procedures in this study were conducted in accordance with the Canadian Council on 

Animal Care (CCAC, 2009) and approved by the University of Guelph Animal Care Committee.  

Thirty-six Yorkshire barrows were selected from the University of Guelph Arkell Swine 

Research Facility herd and housed individually in floor pens at the University of Guelph Animal 

Metabolism Unit (Möhn et al., 2000).  Pigs were allowed to adjust to the new environment for at 

least 3 d while being fed a commercial phase III pig starter diet. 

 

At an initial body weight (BW) of 17.3  2.0 kg, the pigs were assigned to one of five 

dietary treatments that represented varying M:M+C and were adjusted to dietary treatments over 

a 6 d period.  On day 4 of the adjustment period and two days prior to the start of N-balance 

observations, pigs were moved from the floor pens to metabolism crates (Möhn et al., 2000).  In 

all pigs, whole body N-balances were measured over a 5 d period before ISS (pre-challenge N-

balance period).  At the completion of the pre-challenge N-balance period, ISS was induced by 

repeatedly injecting the pigs with Escherichia coli lipopolysaccharide (LPS).  After initiation of 

ISS, N-balances were measured during two consecutive periods of 3 and 4 days, respectively for 

challenge N-balance periods 1 and 2.  Pigs were weighed at the start and end of the pre-challenge 

N-balance period and again following the completion of challenge N-balance period 2.  The 

experiment was conducted in three blocks, consisting of 12 pigs each.  In each block, at least 2 

pigs were assigned to each of the dietary treatments.  
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4.3.2 Experimental Diets and Feeding 

 The experimental diets were formulated to be iso-nitrogenous, iso-energetic and first 

limiting in M+C (Gillis et al., 2007), providing approximately 2.5 g/d of total M+C intake at the 

targeted feed intake of 800 g/d (Table 4.1).  On a molar basis, the five diets contained the same 

amount of available M+C.  On a weight basis, the target available M:M+C were 0.42, 0.47, 0.52, 

0.57 and 0.62.  The different M:M+C in the casein and cornstarch-based diets were generated by 

varying the amounts of  added synthetic methionine and cysteine.  Diets 1 and 5 were prepared in 

single batches at the University of Guelph Arkell Feed Mill, while Diets 2, 3 and 4 were 

produced by blending Diets 1 and 5 in varying proportions to achieve the target M:M+C. The 

diets contained titanium dioxide (Sigma-Aldrich Canada Ltd, Oakville, ON) as an indigestible 

marker for determining nutrient digestibility and fecal nutrient excretion.  All diets were 

supplemented with vitamins and minerals to exceed requirements according to NRC (1998).  

 

To ensure that all pigs readily consumed the experimental diets and to achieve identical 

levels of energy intake, feed intake was restricted to 800 g/d. Pigs were fed two equal meals 

daily at 08:00 and 16:00.   

 

4.3.3 Induction of Immune System Stimulation 

 Repeated and increasing doses of LPS from Escherichia coli strain 055:B5 (Sigma-

Aldrich Canada Ltd, Oakville, ON) were injected intramuscularly to induce ISS (Rakhshandeh 

and de Lange, 2010).  A fresh stock solution of 2500 µg/mL of LPS in physiological saline was 

prepared for each injection day and given between 08:00 and 09:00 at a starting dose of 50µg of 

LPS per kg body weight on d 1 of the ISS challenge period.  The injections were administered 
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every 48 h and the dosage was increased by 12% at each injection to overcome potential 

tolerance to LPS, with an increase of 15% on the last day of the 7 d ISS challenge period. 

 

4.3.4 Measurement of Eye Temperature 

 An infrared camera (FLIR Technologies, Burlington, ON) was used to determine the eye 

temperature of each pig just prior to injection with LPS, and at 2, 6 h and every 24 h after the 

first injection.  As eye temperature is correlated to core body temperature (Kessel et al., 2010), 

and is less invasive than measurement of rectal temperature, this measurement was used to 

indicate potential hyperthermia and thus effectiveness of ISS (Rakhshandeh and de Lange, 2010). 

 

4.3.5 Blood Sampling 

 Just prior to the first injection with LPS and again at the completion of the ISS challenge 

period, three blood sub-samples of 5 mL each were collected from the orbital sinus from half of 

the pigs and stored in blood collection tubes that contained either ethylenediamine tetraacetic 

acid (EDTA), heparin or buffered sodium citrate (BD Vacutainers, Mississauga, ON).  Blood in 

tubes containing EDTA was submitted immediately for the measurement of white blood cell 

count (WBC).  Heparinized and buffered sodium citrate blood samples were kept on ice until 

centrifugation at 3000 g and 4C for 20 minutes.  The plasma was then isolated and submitted 

immediately for analysis of haptoglobin, albumin, and fibrinogen concentration, respectively. 
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4.3.6 Nitrogen Balance Observations 

 Representative diet samples were taken at each experimental period when the meals were 

prepared, pooled per dietary treatment at the completion of the experiment, and stored at 4°C.  

During the three subsequent N-balance periods, representative uncontaminated fecal samples 

were collected daily and stored at -20C.  At the end of each N-balance period, feces were 

pooled per pig, homogenized prior to sub-sampling and subsequently stored at -20C.  Sub-

samples were then freeze-dried and stored at -5C until analysis.  Urine was collected 

quantitatively for each 24-h period using a urine collection tray that was placed underneath the 

porous flooring in the metabolism crates and drained directly into collection containers 

containing sufficient hydrochloric acid to lower the pH below 3.  This ensured that N losses due 

to volatilization of ammonia were minimized (de Lange et al., 2001).  A 5% aliquot was taken 

for each successful 24-h collection.  Aliquots were pooled for each pig and N-balance period, 

and stored at 4°C.  Feed wastage was collected and weighed for individual pigs at the end of 

each N-balance period. 

 

4.3.7 Analytical Procedures 

Diet samples were analyzed for AA composition using ion-exchange chromatography 

with post-column derivatization with ninhydrin in the laboratory of Degussa AG (Hanau, 

Germany) (Llames and Fontaine, 1994).  Dry matter (DM) content of the diets, feces and wasted 

feed was measured in duplicate by oven drying for 2 hours at 135C (Association of Official 

Analytical Chemists [AOAC], 1990).  Diet and fecal samples were analyzed for titanium dioxide 

content in triplicate and duplicate, respectively (AOAC, 1997).  In short, 0.5 g of diet or 0.3 g of 

fecal sample was ashed at 600°C for 8 to 12 hours.  Samples were mixed with 0.8 g of anhydrous 
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Na2SO4 and 5 mL of concentrated H2SO4 and heated to 120°C for at least 20 hours.  The mixture 

was decanted into a 100 mL volumetric flask and filled to the meniscus with distilled water.  A 5 

mL sub-sample of the above mixture was then mixed with 0.2 mL of 30% hydrogen peroxide 

and allowed to sit at room temperature for 15 minutes.  The absorbance was measured on a 

spectrophotometer at 408 nm and the concentration of titanium dioxide was extrapolated using a 

standard curve developed using titanium dioxide standards.  Nitrogen content was quantified in 

triplicate for diet samples, and in duplicate for fecal and urine samples using a LECO-FP 428 

automatic analyzer (Leco Instruments Ltd., Mississauga, ON; AOAC (1997) method 990.03).  

Crude protein content was determined by multiplying the N content by 6.25.  Duplicate or 

triplicate samples differing by more than 5% for DM and crude protein or 8% for titanium 

dioxide were re-analyzed. 

 

The Advia 120 Hematology System (Siemens Healthcare Diagnostics Inc., Deerfield, IL) 

was used to determine WBC, using a combination of light scatter, basophilic staining, and 

nuclear density measurements (Gibbs et al., 2009).  Haptoglobin and albumin concentrations in 

plasma were determined photometrically using a Roche cobas c 501 analyzer (Hoffmann-La 

Roche Ltd., Mississauga, ON).  Haptoglobin, which binds methemoglobin to form a stable 

methemoglobin-haptoglobin complex, was measured based on the peroxidase activity of this 

complex in acidic conditions (Makimura and Suzuki, 1982; Skinner et al., 1991).  Briefly, 90 L 

of diluted methemoglobin, equivalent to a concentration of 0.278 g/L, was mixed with 10 L of 

plasma and allowed to incubate for 10 minutes at 25C.  Then, 1.5 mL of guaiacol reagent was 

added, followed immediately by 0.5 mL of hydrogen peroxide.  The concentration of 

haptoglobin was determined photometrically.  For albumin analysis, 2 L of plasma was mixed 
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with 100 L of citrate buffer and a 20 L mixture of citrate buffer with the anionic dye 

bromocresol green to form a blue-green complex at a pH value of 4.1.  The colour intensity of 

this complex is directly proportional to the albumin concentration and was measured 

photometrically using bichromatic analysis (Doumas et al., 1971; Saibaba et al., 1998).  The 

AMAX Fibrinogen kit was used for quantitative determination of fibrinogen concentration in 

plasma using the KC 4 method (Trinity Biotech USA, St. Louis, MO).  Plasma samples (50 µL) 

were diluted with 450 L of Imidazole buffer.  Then 100 L of this solution was mixed with 50 

L of bovine thrombin reagent and the clotting time was recorded.  Fibrinogen level is inversely 

proportional to the clotting time (Clauss, 1957), yielding a curvilinear relationship when plotted 

on log-log paper.  The fibrinogen concentration in the test sample was established using a 

calibration curve.  Quality control samples were run daily for each machine and each test 

performed.   

 

4.3.8 Calculations and Statistical Analysis 

Fecal N digestibility (%) was calculated for each pig and N-balance period based on the 

following equation: 

 

Equation 1: 100 - (100 * [titanium dioxide content in the diet (mg/g) x N content of the feces (% 

of DM)] / [titanium dioxide content of the feces (mg/g) x N content of the feed (% of DM)]) 

 

Nitrogen balances and Pd (g/day) were calculated for each pig and N-balance period based on 

the following equations: 
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Equation 2: Daily N intake (g/day) = [feed allowance (g DM/day) - feed wastage (g DM/day)] x 

N content of feed (% of DM) / 100 

 

Equation 3: Daily N excretion (g/day) = daily N losses in urine + feces = [daily urine produced 

(g) x N content of urine (g)] + [daily N intake (g) x (100-N digestibility) /100] 

 

Equation 4: Protein deposition (g/day) = [Daily N intake  – Daily N excretion] x 6.25 

 

 Statistical analyses were performed using the mixed model procedures of SAS v9.2 (SAS 

Institute, Inc., Cary, NC).  The eye temperature and blood parameters were analyzed as repeated 

measures on pigs with diet and period as fixed effects and pig within block and diet as repeated 

measures.  The Levene’s (Brown Forsythe) Test for Homogeneity was performed for each N-

balance period to test for equality of variances among dietary treatments.  Because of the 

interactive effects between dietary treatments and N-balance period, dietary treatment effects on 

the N balance data were analyzed separately for each N-balance period, with diet as a fixed 

effect and block as a random effect.  Orthogonal polynomial contrasts were performed for each 

N-balance period to determine linear and quadratic effects of dietary M:M+C.  Linear-plateau 

and quadratic-plateau models were evaluated, using the NLIN procedure of SAS.  Differences 

between treatment means were assessed using the least significant difference procedure of SAS, 

with significance accepted at P < 0.05.  Probabilities between 0.05 and 0.10 were considered to 

suggest a trend, due to the relatively small sample size.  



 53 

4.4 Results 

4.4.1 General Observations 

Prior to ISS, pigs appeared healthy and readily consumed their daily feed allowances.  

The first LPS injection induced vomiting in all pigs.  Vomitus was collected and included in 

wasted feed, however, its contribution to wasted feed DM was minimal.  The data from two pigs 

were excluded from the study; one pig behaved abnormally in the metabolism crate, resulting in 

incomplete collection of excreted N, while the other suffered from diarrhea, resulting in severe 

contamination of urine with feces.  In addition, some N-balance observations are missing due to 

incomplete collection of urine or insufficient collection of feces.  In total, there were 4, 5, and 3 

missing observations in the pre-challenge, challenge period 1 and challenge period 2, 

respectively.    

 

4.4.2 Experimental Diets 

Calculated and analyzed dietary nutrient contents are presented in Table 4.2.  For most 

AA, the analyzed AA contents were similar across diets and in agreement with calculated values 

based on ingredient compositions according to NRC (1998).  Calculated, rather than analyzed N 

and AA contents, were used in the interpretation of the results.  The calculated M+C to lysine 

ratio in the diets varied between 41.1 and 42.5%, while the ratios of the other essential AA 

exceeded the minimum ratios according to NRC (1998), indicating that M+C was first limiting 

among AA in all diets. 
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4.4.3 Eye Temperature 

Figure 4.1 shows the change in eye temperature over time in 34 pigs.  There were no 

block and diet effects or interactive effects of time and diet on eye temperature (P > 0.10), while 

there was a time effect (P < 0.0001).  Eye temperature was greater at 2, 6, 48, 96 and 144 h after 

the start of ISS compared to the pre-challenge value (Time 0; P < 0.02).  However, the mean eye 

temperature was lower at 72 h (P < 0.05) after the start of ISS and tended to be lower at 168 h (P 

< 0.10) when compared to values obtained just prior to ISS.  

 

4.4.4 Blood Parameters 

 Table 4.3 shows the effect of diet, N-balance period and their interaction on blood 

parameters.  There were no interactive effects for any of the blood parameters that were 

measured (P > 0.10).  The N-balance period effect for blood haptoglobin, albumin and 

fibrinogen levels was highly significant (P < 0.0001).  Both haptoglobin and fibrinogen 

concentrations increased during ISS, whereas albumin concentrations were lowered.  

Interestingly, there was a dietary treatment effect on the blood level of albumin (P = 0.01; Table 

4.3).  This difference is attributed to the higher blood albumin level in pigs consuming the 0.42 

M:M+C diet prior to the challenge period (Table 4.4). 

 

4.4.5 Nitrogen Balance 

Data on the aspects of N utilization and whole body protein deposition are shown in 

Tables 4.5, 4.6 and 4.7 for the pre-challenge period, challenge period 1 and challenge period 2, 

respectively.  In all periods, BW and crude protein digestibility were not affected by dietary 

treatment (P > 0.10).  
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During the pre-challenge period (Table 4.5), there was no effect of dietary M:M+C on 

total N intake (P = 0.12).  Total N excretion was different among treatments (P = 0.03) and was 

reduced linearly with increasing dietary M:M+C (P = 0.003).  Urinary N excretion was highly 

affected by dietary treatments (P = 0.002); the linear and quadratic effects indicate that the 

marginal reduction in urinary N excretion with increasing M:M+C was smaller at the highest 

M:M+C.  A dietary effect was seen for the efficiency of N retention (N retention/N intake) and 

Pd in the pre-challenge period (P < 0.0001).  The linear and quadratic effects indicate that the 

efficiency of N utilization, N retention and Pd increased with increasing dietary M:M+C and 

reached a plateau at the higher dietary M:M+C (P < 0.02).   

 

Although LPS injection induced temporary anorexia in pigs, this was usually overcome 

within 12 hours of injection.  Pigs consumed their daily feed allowance on days of LPS injection, 

with the exception of pigs consuming the 0.42 M:M+C diet.  As a result, N intake in challenge 

period 1 (Table 4.6) differed among dietary treatments (P = 0.0002) with a linear increase 

observed with increasing M:M+C in the diet (P < 0.0001).  Despite a linear reduction in total N 

excretion with increasing dietary M:M+C (P = 0.04), there was no effect of diet on total, fecal 

and urinary N excretion (P > 0.20).  As a result, N retention and Pd were different among dietary 

treatments (P < 0.001).  The linear effects indicate that the efficiency of N retention and Pd 

increased with increasing dietary M:M+C (P < 0.0001).  

 

A similar pattern was seen in challenge period 2 (Table 4.7).  Although N intake in this 

period did not differ among dietary treatments (P > 0.20), there was a trend for a linear increase 

with increasing M:M+C.  N excretion was not affected by M:M+C, yet both the efficiency of N 
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retention and Pd differed among dietary treatments (P < 0.01).  A linear increase in the efficiency 

of N retention was observed with increasing M:M+C (P < 0.01). The linear and quadratic effects 

indicate that the increase in Pd with increasing M:M+C was reduced at the higher dietary 

M:M+C (P = 0.03). 

 

An interactive effect of dietary treatment and N-balance period on Pd was observed (P < 

0.0001; Table 4.8).  Protein deposition differed significantly among periods only for the diets 

containing 0.47, 0.52 and 0.62 M:M+C; for these three dietary treatments Pd was lower in 

challenge period 1 than in the pre-challenge period (P > 0.05), while Pd in challenge period 2 did 

not differ from either the pre-challenge period and challenge period 1 (P < 0.05).  A similar trend 

towards a period effect on Pd was observed for the diets containing 0.42 (P = 0.06) and 0.57 (P = 

0.09) M:M+C. 

 

Even though statistical analyses demonstrated a linear effect of dietary M:M+C on Pd for 

all three N-balance periods (P < 0.0001), and quadratic effects only in the pre-challenge and 

challenge period 2 (P < 0.05), both linear- and quadratic-plateau models were evaluated for 

determining a breakpoint corresponding to the M:M+C requirements for maximizing Pd in each 

period. The linear-plateau regression analysis produced breakpoints at 0.53 ± 0.02 (R
2
=0.94), 

0.58 ± 0.02 (R
2
=0.97) and 0.54 ± 0.02 M:M+C (R

2
=0.96) for the pre-challenge, challenge 1 and 

challenge 2 periods, respectively. The quadratic-plateau regression analysis, however, yielded 

slightly better fits to the data, with R
2
 of 0.98, 0.98 and 0.99 for the respective periods.  Based on 

the quadratic-plateau model, the breakpoints were determined to be 0.57 ± 0.03 (Figure 4.2) and 

0.59 ± 0.02 M:M+C (Figure 4.4), for the pre-challenge and challenge period 2, respectively. The 
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breakpoint determined for challenge period 1 was greater than the highest level of dietary 

M:M+C in the present experiment, suggesting that the optimal M:M+C requirement during this 

period is greater than 0.62 (Figure 4.3). 

 

4.5 Discussion 

 The main aim of the current experiment was to determine the effect of ISS on the 

optimum M:M+C in diets for growing pigs.  The experimental design was chosen for several 

reasons.  In this experiment, the same pigs were used to explore N utilization responses to dietary 

M:M+C when pigs were apparently healthy (prior to ISS) and when they were exposed to a non-

infectious immune challenge (during ISS). In this manner, between animal variability was 

considered and the number of animals that were used in the study was minimized.  However, 

because of the interactive effects of N-balance period and dietary treatment, the repeated 

measurements were not considered in the statistical model to evaluate aspects of N utilization 

within each of the three N-balance periods.  As ISS has been shown to reduce voluntary feed 

intake (Williams et al., 1997), animals were fed at a restricted level in order to eliminate 

potential confounding of feeding level with ISS, and feed intake was maintained constant across 

all diets and experimental periods.  

 

 LPS administration was selected as the model for non-infectious immune challenge based 

on previous work in our laboratory (Rakhshandeh and de Lange, 2012).  In addition, LPS results 

in a more predictable immune response than any specific disease model (Dritz et al., 1996).  The 

use of LPS as a model of non-infectious immune challenge may be more representative of 

commercial conditions when compared to the use of an individual infectious pathogen.  In fact, 
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this endotoxin model is one of the most commonly used ISS models in animal studies (Melchior 

et al., 2004), in spite of several limitations.  Due to variation in individual animal sensitivity, the 

response to LPS or any other immune stimulant will vary between individual animals.  

Additionally, recovery of the animals typically occurs within 48 hours after a single LPS 

injection, thus repeated injections are required.  This, however, can result in the animals 

developing an endotoxin tolerance.  The eye temperature data confirmed that LPS injections 

induced hyperthermia commonly associated with ISS (Rakhshandeh and de Lange, 2012).  The 

animals exhibited higher eye temperature after the initial LPS injections.  However, thereafter 

apparently a tolerance to LPS developed.  The increase in eye temperature compared to the pre-

challenge value was greater immediately following the first two LPS-injections (0h and 48h) 

than after the last two injections (96h and 144h; Figure 4.1).  Yet, the plasma concentrations of 

measured APP confirmed effective ISS.  The plasma albumin concentration during ISS was 

significantly lower than pre-challenge values (Table 4.3), while plasma haptoglobin and plasma 

fibrinogen concentrations were significantly increased.  This is in accordance with previous 

research in swine (Chen et al., 2003; Heegaard et al., 1998; Lampreave et al., 1994; Parra et al., 

2006; Petersen et al., 2002).  Changes in the plasma concentration of these proteins reflect 

production of cytokines (Le Floc’h et al., 2004).  It should be noted, though, that plasma levels of 

APP may remain elevated for 4 to 7 days after ISS (Petersen et al., 2004).  Therefore the 

observed plasma levels of APP provide no insight on the potential development of tolerance to 

the repeated LPS injections over time.  The lack of change in WBC due to ISS has been 

demonstrated previously and may be explained by the sequestration of leukocytes within the 

inflamed tissue during infection (Grisham et al., 1988; Lauritzen et al., 2003).  These 
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observations on aspects of the immune response indicate that ISS was induced by LPS injections, 

but that some tolerance towards LPS may have developed during the 7 day ISS period. 

 

In a previous study that was conducted in our laboratory to explore the impact of ISS on 

N utilization in pigs fed varying levels of M+C, it was clearly shown that Pd was independent of 

BW in non-ISS pigs between 20 and 40 kg BW (Rakhshandeh et al., 2007).  Therefore, the 

observed reduction in Pd between challenge period 1 and the pre-challenge period can be 

attributed to ISS.  Moreover, in the present study pig performance was sensitive to M+C intake, 

as care was taken to formulate diets that contained equal molar amounts of M+C and varied only 

in the ratio of M:M+C.  The calculated M+C to lysine ratio in the diets varied between 41.1 and 

42.5%, while the ratios of the other essential AA exceeded the minimum ratios according to 

NRC (1998), indicating that either methionine or M+C was first limiting among AA in all diets.  

Also, in a previous study in our laboratory it was shown that either methionine or M+C was first 

limiting among AA in pigs of similar BW and fed AA profiles similar to those used in the 

current study (Gillis et al., 2007).  Finally, Pd was lower than typical values for this population 

of pigs (Möhn and de Lange, 1998), suggesting that nutrient intake rather than energy intake or 

the pigs’ performance potentials determined Pd. 

 

The observed effects of available dietary M:M+C on N utilization and Pd are complex.  

During the pre-challenge N-balance period, there was no significant effect of dietary M:M+C on 

total N intake (Table 4.5).  Total N excretion was different among treatments and attributed to 

treatment effects on urinary N excretion.  Variation in urinary N excretion reflects catabolism of 

AA that are supplied in excess of requirements for Pd, while Pd is determined by the supply of 
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the 1
st
 limiting dietary AA, either methionine or M+C. Based on the quadratic-plateau regression 

analysis, the optimal M:M+C during the pre-challenge period was determined to be 0.57.  This is 

in close agreement with the previous value of 0.55 established for the same population of pigs by 

Gillis et al. (2007).   

 

During ISS challenge, it is expected that the rate of Pd will decrease, as the animals divert 

AA generally used for skeletal muscle Pd towards supporting the immune response.  In the 

current study, as the animals were challenged with LPS, M+C were diverted from Pd and 

towards supporting the immune system, which is consistent with previous observations (Le 

Floc’h et al., 2004).  Glutathione and acute phase protein synthesis contribute to increased M+C 

needs during ISS (Grimble, 2002; Metayer et al., 2008), and cysteine in particular (Malmezat et 

al., 1998, 2000a, b; Reeds et al., 1994).   

 

Protein deposition in the challenge N-balance period 2 was increased compared to 

challenge N-balance period 1, suggesting a reduced response to ISS or a partial recovery effect 

of the pigs.  Also, Pd in the challenge N-balance period 2 was not significantly different from 

that in the pre-challenge N-balance period.  The latter confirms the development of tolerance to 

repeated injection with LPS even though the amount of injected LPS was increased over time.  

This is also mirrored by the observed time dependent ISS effect on eye temperature.  

 

While previous studies have implicated an increase in cysteine utilization relative to 

methionine during ISS (Breuille et al., 2006; Grimble, 1992; Hunter and Grimble, 1994, 1997; 

Jahoor et al., 1995; Malmezat et al., 1998, 2000a, b), the results of the current study’s quadratic-
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plateau analysis for the initial challenge period demonstrated that the optimal M:M+C during ISS 

is increased during ISS, suggesting an increased dietary need for methionine rather than cysteine.  

There are several explanations for this finding.  Firstly, previous research examined altered 

levels of M+C intake (Breuille et al., 2006; Hunter and Grimble, 1994, 1997; Malmezat et al., 

2000b; Rakhshandeh et al., 2007, 2010a, b, c).  In these studies, methionine and cysteine were 

supplemented at various intake levels either alone or in combination, with M:M+C varying from 

0.28 to 0.80 between studies. The current study, however, included a fixed dietary M+C intake 

with altered methionine to cysteine ratios across treatments, allowing for a more careful 

evaluation of the response to M:M+C. 

 

  Secondly, as methionine plays an important role as a methyl donor for processes such as 

DNA methylation and polyamine synthesis (Grimble, 2002; van de Poll et al., 2006), it may be 

speculated that this would contribute to increased methionine requirements during ISS.  Yet, this 

seems rather unlikely as choline was added to the diet in excess of NRC (1998) requirements and 

can be used as a source of methyl groups.  Required dietary choline intake for 20-50 kg pigs is 

300mg/kg diet, whereas the current study provided 950 mg of added choline per kg of diet.  In 

previous studies examining M+C intake in pigs during disease, dietary choline levels varied 

between 400 and 1865 mg/kg of diet (Jahoor et al., 1995; Melchior et al., 2004; Williams et al., 

1997).  In a similar study, Melchior et al. (2004) fed diets fortified with 500 mg choline/kg diet 

to 45-day-old pigs, yet no effect of ISS on plasma methionine concentration was noted.  To our 

knowledge, no studies have been conducted to explore requirements of choline and other methyl 

group donors other than methionine during ISS.  
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Additionally, methionine itself can be used as a catalytic antioxidant through the 

methionine sulfoxide reductase (Msr) system (Metayer et al., 2008).  Damaged proteins, as a 

result of oxidative stress, can be eliminated from the cell by either protein degradation or protein 

repair.  The Msr system is involved in the repair of oxidized proteins, therefore preventing their 

cellular accumulation.  Each cycle of methionine oxidation and reduction destroys one 

equivalent of a ROS, which represents a natural scavenging system and may be attributed to the 

increased requirement of methionine observed.  

 

Lastly, and most importantly, cysteine is extremely unstable and rapidly oxidizes to 

cystine (Meister, 1988).  This process releases free radicals, contributing to the toxic effects of 

cysteine (Grimble, 2002; Meister, 1988).  It may thus be hypothesized that intra- and 

extracellular cysteine are maintained at very low levels and that cysteine needs at the cellular 

level are satisfied preferentially via TS of methionine.  In fact, feed intake data in the present 

study suggests that this is the case.  Nitrogen intake differed among dietary treatments in 

challenge period 1 with a linear increase observed with increasing M:M+C in the diet (Table 4.6), 

such that pigs consuming the 0.42 M:M+C diet had the greatest feed refusal during this period.  

The finding that the rate of TS is increased during ISS further supports this hypothesis.  The rate 

of TS was calculated to be 2.7 times greater in E. coli infected rats compared to pair-fed controls 

and the percentage of methionine entering this pathway was more than doubled in infected 

animals (Malmezat et al., 2000b).  It should be noted that these values are an underestimation of 

the true rate of TS, as the study conditions favoured a low TS rate.   
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While the rate of TS during ISS has not been directly measured in pigs, the activity and 

transcription levels of genes and enzymes involved in M+C metabolism have been examined.  It 

has been demonstrated that cystathionine--synthase and cystathionine--lyase (-cystathionase) 

activity are enhanced in an oxidative environment, whereas methionine synthase (MS) activity is 

reduced during oxidative stress (Chen and Banerjee, 1998; Mosharov et al, 2000; Rakhshandeh 

et al., 2010c; Taoka et al., 1998).  Thus, during disease and when oxidative stress is increased, 

the metabolic response favours TS, which in turn facilitates the synthesis of GSH.  In fact, it has 

been shown that GSH status has been improved after the induction of stress in animals, as a 

result of increased glutamate cysteine ligase (GCL) activity (Malmezat et al., 2000a), in 

particular the catalytic unit (Rakhshandeh et al., 2010b).  TNF- treatment of rat hepatocytes 

was shown to increase the expression of glutathione synthase (GS) to a comparable level as 

previously observed with GCL subunits (Lu, 2009).  Yet, in our laboratory it has also been 

shown that while ISS had no effect on GS expression in the liver, it significantly increased GS 

expression in the small intestine of pigs (Rakhshandeh et al., 2010b).  Furthermore, in a study 

using human hepatocytes incubated in the presence and absence of propargylglycine (an inhibitor 

of cystathionine--lyase, which averts further metabolism of cystathionine), it was found that 

approximately half of the GSH biosynthesis was derived from homocysteine metabolism, with 

the remainder originating from cysteine released during protein turnover or imported from the 

extracellular medium (Mosharov et al., 2000).  The decrease in GSH concentration in isolated 

hepatocytes from fed rats was impeded when the cells were incubated with methionine and 

homocysteine.  Incubation of these cells with cysteine did not improve the GSH concentration, 

and even resulted in a depletion of GSH, presumably by the formation of mixed disulfides.  

Based on these findings, the authors concluded that cystathionine might be a more effective 
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cysteine donor than free cysteine in the synthesis of -glutamylcysteine and thus GSH (Vina et 

al., 1978).  These observations suggest the preferential use of cystathionine derived from 

methionine, rather than cysteine directly, for the synthesis of GSH. 

 

4.6 Conclusions and Implications 

The results of the present study suggest that the optimal M:M+C is increased during 

immune system stimulation in growing pigs, and therefore the requirement for methionine, 

relative to cysteine, is greater in pigs with disease. This may be due to the inherent increase in 

requirement for methionine as a methyl donor or for its antioxidant properties in the Msr system.  

Furthermore, this increased methionine requirement may be to supply cysteine for the synthesis 

of GSH and acute phase proteins through the transsulfuration pathway. 

 

Further research should be conducted with higher dietary M:M+C inclusion levels to 

determine the optimal ratio in immune system stimulated growing pigs, as the response to 

increasing M:M+C was maintained at the highest dietary M:M+C that was evaluated in the 

current study.  Further, alternative disease models should be explored in order to determine if the 

results are can be extrapolated to other types of ISS and diseases.  
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Table 4.1 Ingredient composition (%) of the two experimental diets with the extreme ratios of 

methionine to methionine plus cysteine (M:M+C)
1
 

Ingredient 0.42   0.62 

DL-Methionine 0.00   0.07 

L-Cysteine:HCl 0.23   0.15 

Sodium Caseinate 4.70   4.70 

Cornstarch 48.7   48.7 

Cellulose 4.00   4.00 

Sucrose 20.0   20.0 

Corn Oil 4.00   4.00 

Limestone 0.80   0.80 

Dicalcium Phosphate 3.00   3.00 

Salt 0.40   0.40 

KCl 0.90   0.90 

MgSO4 0.35   0.35 

Vitamin/Mineral mix
2
 0.50   0.50 

L-Lysine HCl 0.49   0.49 

L-Threonine 0.35   0.35 

L-Tryptophan 0.12   0.12 

L-Isoleucine 0.29   0.29 

L-Valine 0.29   0.29 

L-Histidine 0.15   0.15 

L-Phenylalanine 0.46   0.46 

L-Leucine 0.46   0.46 

L-Aspartic Acid 4.83   4.83 

L-Glutamic Acid 4.88   4.88 

Choline Chloride 0.06   0.06 
 

1
The experimental diets with intermediate M:M+C (0.47, 0.52 and 0.57) were prepared by 

blending the 0.42 and 0.62 M:M+C diets in the appropriate proportions: 75% of the 0.42 M:M+C 

diet and 25% of the 0.62 M:M+C diet; 50% of the 0.42 M:M+C diet and 50% of the 0.62 

M:M+C diet; 25% of the 0.42 M:M+C diet and 75% of the 0.62 M:M+C diet, respectively. 

2
 Supplied per kilogram of complete diet: vitamin A, 10,000 IU as retinyl acetate (2.5 mg) and 

retinyl palmitate (1.7 mg); vitamin D3, 1,000 IU as cholecalciferol; vitamin E, 56 IU as dl-α-

tocopherol acetate (44 mg); vitamin K, 2.5 mg as menadione; choline, 500 mg; pantothenic acid, 

15 mg; riboflavin, 5 mg; folic acid, 2 mg; niacin, 25 mg; thiamine, 1.5 mg; vitamin B6, 1.5 mg; 

biotin, 0.2 mg; vitamin B12, 0.025 mg; Se, 0.3 mg from Na2SeO3; Cu, 15 mg from 

CuSO4.5H2O; Zn, 104 mg from ZnO; Fe, 100 mg from FeSO4; Mn, 19 mg from MnO2; and I, 

0.3 mg from KI (DSM Nutritional Products Canada Inc., Ayr, ON). 
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Table 4.2 Calculated and analyzed nutrient contents (%, as is basis) in the experimental diets
1
 

    Dietary M:M+C
2
 

  0.42  0.47  0.52  0.57  0.62 

Parameter   Anal.
3
 Calc.

3
   Anal. Calc.   Anal. Calc.   Anal. Calc.   Anal. Calc. 

Crude Protein  11.9 11.2  13.3 11.2  12.9 11.2  12.5 11.2  12.4 11.2 

Methionine  0.12 0.13  0.15 0.14  0.17 0.16  0.18 0.18  0.18 0.19 

Cysteine  0.16 0.17  0.15 0.16  0.14 0.15  0.13 0.13  0.12 0.12 

M+C  0.27 0.30  0.31 0.30  0.31 0.31  0.31 0.31  0.31 0.31 

Lysine  0.77 0.73  0.76 0.73  0.77 0.73  0.84 0.73  0.75 0.73 

Threonine  0.47 0.53  0.52 0.53  0.56 0.53  0.50 0.53  0.52 0.53 

Tryptophan  0.12 0.17  0.14 0.17  0.16 0.17  0.15 0.17  0.15 0.17 

Isoleucine  0.46 0.51  0.52 0.51  0.49 0.51  0.49 0.51  0.47 0.51 

Leucine  0.83 0.87  0.91 0.87  0.91 0.87  0.88 0.87  0.87 0.87 

Valine  0.55 0.58  0.59 0.58  0.56 0.58  0.57 0.58  0.55 0.58 

Histidine  0.25 0.28  0.28 0.28  0.29 0.28  0.27 0.28  0.27 0.28 

Phenylalanine 0.58 0.68   0.63 0.68   0.67 0.68   0.64 0.68   0.65 0.68 

1
Calculated values represent contributions from synthetic amino acids and the amino acid composition of casein according to NRC (1998).  

2
 M:M+C: methionine to methionine plus cysteine ratio. 

3 
Anal.: analyzed values, Calc.: calculated values  
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Table 4.3 Blood parameters prior to (pre-challenge) and during (challenge) immune system stimulation
1,2

. 

  Period
3
   P value 

Blood Parameter Pre-challenge Challenge   Diet Period Diet *Period 

WBC
4
 (x 10

9
/L) 22.4 ± 1.6 22.0 ± 0.7  0.46 0.82 0.96 

Haptoglobin (g/L) 0.41 ± 0.07 0.90 ± 0.07  0.68 <0.0001 0.70 

Albumin (g/L) 34.0 ± 0.5 29.8 ± 0.5  0.01 <0.0001 0.67 

Fibrinogen (g/L) 1.58 ± 0.11 2.48 ± 0.10   0.70 <0.0001 0.40 

1
 Immune system stimulation (ISS) was induced with increasing doses of E. coli lipopolysaccharide on d1, 3, 5 and 7 of the ISS challenge period.  

2
 The data presented are means ± SE (n = 15-17 pigs) and based on blood samples taken 1 d prior to ISS and d 8 after the start of ISS. 

3
 Periods represent 5 d immediately prior to immune system stimulation (Pre-challenge), and d 1 to 3 (Challenge 1) and d 4 to 7 (Challenge 2) during immune 

system stimulation. 
4
 WBC: white blood cell count 
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Table 4.4 Albumin concentration (g/L) prior to (pre-challenge) and during (challenge) immune system stimulation
1,2

. 
 

1
 Immune system stimulation (ISS) was induced with increasing doses of E. coli lipopolysaccharide on d 1, 3, 5 and 7 of the ISS challenge period.  Values are 

higher during the pre-challenge period than during the challenge period (P < 0.05; Table 4.3).   
2
The data presented are means ± SE (n = 17 pigs) and based on blood samples taken on d 1 prior and d 8 after the start of ISS. 

3
 Periods represent 5 d immediately prior to immune system stimulation (Pre-challenge), and d 1 to 7 during immune system stimulation (Challenge). 

4
M:M+C: methionine to methionine plus cysteine ratio 

a,b
 Means within columns that are followed by different superscripts differ (P < 0.05).   

  Period
3
 SEM P value 

 

Dietary M:M+C
4
 Pre-challenge Challenge 

  

Diet 

0.42 38.3
a
 33.7

a
 1.2 0.01 

0.47 32.0
b
 28.8

b
 0.9  

0.52 32.6
b
 27.8

b
 1.0  

0.57 34.3
b
 29.3

b
 1.5  

0.62 32.7
b
 29.3

b
 1.2  
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Table 4.5 Mean body weight (BW), aspects of nitrogen (N) utilization and whole body protein deposition (Pd; N retention x 6.25) in 

growing pigs fed varying dietary methionine to methionine plus cysteine ratios (M:M+C) during the Pre-Challenge N-balance period
1
. 

  Dietary M:M+C P value 

Parameter 0.42 0.47 0.52 0.57 0.62 Diet Lin
2 Quad

3 

Number of pigs 6 7 5 6 8     

BW (kg) 18.4 ±1.0 17.6 ±1.0 18.3 ±1.0 18.1 ±1.0 18.1 ±1.0 0.85 0.89 0.76 

Apparent fecal CP
4
 digestibility (%) 92.8 ±0.8 92.5 ±0.8 93.2 ±0.9 92.7 ±0.8 93.5 ±0.7 0.85 0.47 0.72 

N intake (g/d) 14.2 ±1.1 16.1 ±0.1 16.2 ±0.2 16.6 ±0.1 16.9 ±0.1 0.12 0.11 0.31 

Total N excretion (g/d) 6.64 ±0.26 6.27 ±0.24 5.87 ±0.27 5.81 ±0.26 5.91 ±0.24 0.03 0.003 0.10 

Fecal N excretion (g/d) 1.06 ±0.13 1.21 ±0.13 1.10 ±0.14 1.20 ±0.14 1.10 ±0.12 0.86 0.85 0.52 

Urinary N excretion (g/d) 5.59 ±0.25 5.06 ±0.24 4.78 ±0.26 4.62 ±0.25 4.79 ±0.24 0.002 0.001 0.02 

N retention (% of N intake) 54.9 ±1.2 61.0 ±1.2 63.8 ±1.3 65.0 ±1.2 65.0 ±1.1 <0.0001 <0.0001 0.001 

Pd (g/d) 50.5 ±1.4 61.3 ±1.3 64.8 ±1.5 67.6 ±1.4 68.3 ±1.2 <0.0001 <0.0001 0.001 

1
 Data presented are means ± SE (n = 5-8) and represented measurements taken in the 5 d period immediately prior to immune system stimulation.  

2 
Lin, significance of linear effect of dietary M:M+C 

3
 Quad, significance of quadratic effect of dietary M:M+C 

4
 CP: crude protein 
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Table 4.6 Mean body weight (BW), aspects of nitrogen (N) utilization and whole body protein deposition (Pd; N retention x 6.25) in 

growing pigs fed varying dietary methionine to methionine plus cysteine ratios (M:M+C) during the Challenge Period 1 N-balance
1
. 

  Dietary M:M+C P value 

Parameter 0.42 0.47 0.52 0.57 0.62 Diet Lin
2 Quad

3 

Number of pigs 5 7 6 5 8     

BW
 
(kg) 21.5 ±1.0 21.3 ±1.0 21.5 ±1.0 22.0 ±1.0 21.8 ±0.9 0.86 0.39 0.92 

Apparent fecal CP
4
 digestibility (%) 90.9 ±0.9 91.7 ±0.8 91.1 ±0.8 92.0 ±0.9 93.3 ±0.7 0.24 0.06 0.44 

N intake (g/d) 14.7 ±0.2 15.9 ±0.2 16.3 ±0.2 16.5 ±0.2 16.9 ±0.2 0.001 <0.0001 0.06 

Total N excretion (g/d) 7.77 ±0.37 7.71 ±0.31 7.68 ±0.34 6.87 ±0.37 7.04 ±0.29 0.22 0.04 0.81 

Fecal N excretion (g/d) 1.33 ±0.15 1.32 ±0.12 1.45 ±0.13 1.32 ±0.15 1.13 ±0.12 0.50 0.35 0.23 

Urinary N excretion (g/d) 6.42 ±0.39 6.38 ±0.28 6.23 ±0.31 5.55 ±0.34 5.93 ±0.31 0.43 0.20 0.81 

N retention (% of N intake) 47.5 ±2.0 51.6 ±1.7 52.8 ±1.8 58.5 ±1.8 58.4 ±1.6 0.001 <0.0001 0.57 

Pd (g/d) 43.6 ±1.9 51.2 ±1.6 53.6 ±1.7 60.4 ±1.9 61.6 ±1.5 <0.0001 <0.0001 0.20 

1
 Data presented are means ± SE (n = 5-8) and represent measurements taken during d 1 to 3 of immune system stimulation. 

2 
Lin, significance of linear effect of dietary M:M+C 

3
 Quad, significance of quadratic effect of dietary M:M+C 

4
 CP: crude protein 
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Table 4.7 Mean body weight (BW), aspects of nitrogen (N) utilization and whole body protein deposition (Pd; N retention x 6.25) in 

growing pigs fed varying dietary methionine to methionine plus cysteine ratios (M:M+C) during the Challenge Period 2 N-balance
1
.  

 

  Dietary M:M+C P value 

Parameter 0.42 0.47 0.52 0.57 0.62 Diet Lin
2 Quad

3 

Number of pigs 6 7 6 6 8     

BW
 
(kg) 22.3 ±0.9 23.7 ±0.9 23.8 ±0.9 23.9 ±0.9 23.8 ±0.9 0.20 0.05 0.14 

Apparent fecal CP
4
 digestibility (%) 91.7 ±0.7 92.9 ±0.6 93.3 ±0.7 92.7 ±0.7 93.5 ±0.6 0.37 0.10 0.51 

N intake (g/d) 13.0 ±1.4 15.6 ±0.4 16.1 ±0.4 16.5 ±0.4 16.9 ±0.4 0.21 0.09 0.25 

Total N excretion (g/d) 5.67 ±0.90 6.30 ±0.25 6.14 ±0.52 5.96 ±0.23 6.22 ±0.20 0.82 0.72 0.75 

Fecal N excretion (g/d) 1.13 ±0.11 1.11 ±0.11 1.09 ±0.11 1.20 ±0.11 1.09 ±0.10 0.93 0.96 0.89 

Urinary N excretion (g/d) 4.61 ±0.72 5.20 ±0.29 5.05 ±0.35 4.77 ±0.23 5.13 ±0.20 0.70 0.73 0.75 

N retention (% of N intake) 56.1 ±1.9 59.6 ±1.8 61.9 ±1.9 63.3 ±1.9 63.7 ±1.7 0.004 0.001 0.18 

Pd (g/d) 47.9 ±2.4 58.2 ±2.2 62.2 ±2.4 65.9 ±2.4 66.6 ±2.1 <0.0001 <0.0001 0.03 

1
 The data presented are means ± SE (n = 6-8) and represent measurements taken during d 4 to 7 of immune system stimulation.  

2
 Lin, significance of linear effect of dietary M:M+C 

3
 Quad, significance of quadratic effect of dietary M:M+C 

4
 CP: crude protein 
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Table 4.8 The interactive effect of dietary available methionine to methionine plus cysteine ratio (M:M+C) and nitrogen balance 

period on whole body protein deposition (Pd; g/day) in growing pigs
1
. 

 

  Dietary M:M+C 

Period
2 0.42 0.47 0.52 0.57 0.62 

Pre-challenge 50.5 ±1.4 
a x 61.3 ±1.3 

a y 64.8 ±1.5 
a y 67.6 ±1.4 

a y 68.3 ±1.2
a y 

      

Challenge 1 43.6 ±1.9 
a x 51.1 ±1.6

b xy 53.6 ±1.7 
b xy 60.4 ±1.9 

a y 61.6 ±1.5 
b y 

      

Challenge 2 47.9 ±2.4 
a x 58.2 ±2.2 

ab xy 62.2 ±2.4 
ab y 65.9 ±2.4 

a y 66.6 ±2.1
ab y 

1 
The data presented are means ±SE (n = 6-8); The interactive effect of dietary treatment and period on Pd was significant (P < 0.0001). 

2 
Periods represent the 5 d immediately prior to immune system stimulation (Pre-challenge), and d 1 to 3 (Challenge 1) and d 4 to 7 (Challenge 2) during immune 

system stimulation. 

ab: Means within columns without a common subscript differ (P < 0.05) 

xy: Means within rows without a common subscript differ (P < 0.05)
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Figure 4.1 Changes in eye temperature (C, mean ± SE) over time during the period of immune 

system stimulation.  Pigs (n = 34) were injected with increasing doses of E. coli 

lipopolysaccharide, as indicated by the arrows. * and ** denote differences from eye temperature 

at Time 0 at P < 0.05 and P < 0.10, respectively.
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Figure 4.2 Protein deposition (Pd; g/day) in growing pigs fed varying dietary methionine to methionine plus cysteine ratios (M:M+C) 

during the Pre-Challenge N-balance period.  Based on the quadratic-plateau analysis, a breakpoint was determined at 0.57 ± 0.03 

M:M+C, representing the optimal M:M+C.   
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Figure 4.3 Protein deposition (Pd; g/day) in growing pigs fed varying dietary methionine to methionine plus cysteine ratios (M:M+C) 

during the Challenge N-balance period 1.  No breakpoint was determined within the range of M:M+C diets evaluated in the study. 
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Figure 4.4 Protein deposition (Pd; g/day) in growing pigs fed varying dietary methionine to methionine plus cysteine ratios (M:M+C) 

during the Challenge N-balance period 2.  Based on the quadratic-plateau analysis, a breakpoint was determined at 0.59 ± 0.02 

M:M+C, representing the optimal M:M+C.  
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5.0 RESTRICTING SULFUR AMINO ACID INTAKE IN IMMUNE SYSTEM 

STIMULATED PIGS DECREASES PLASMA PROTEIN AND ALBUMIN SYNTHESIS. 

 

5.1 Abstract 

Chronic subclinical levels of disease occur frequently in intensive swine production and 

compromise nutrient utilization efficiency.  Sulfur amino acids (methionine plus cysteine; M+C) 

are involved in the pig’s response to immune system stimulation (ISS) as substrates for 

generating compounds involved in the immune response, such as glutathione and acute phase 

proteins (APP; haptoglobin, fibrinogen, albumin).  This study was conducted to determine the 

impact of ISS and M+C intake (high vs. low; 4.0 vs. 2.2 g/d) on the fractional synthesis rate 

(FSR) of albumin, fibrinogen and total protein in blood plasma, liver, and small intestine (SI) of 

starter pigs.  Fifteen pigs (9.8 ± 1.4 kg BW) were allotted to one of three treatments: 1) Control 

(ISS- and high M+C), 2) ISS+ and high M+C, or 3) ISS+ and low M+C.  To induce ISS, pigs 

were injected intramuscularly with increasing doses of E. coli lipopolysaccharide 1 and 3 d 

before determining FSR using an intravenous infusion of a flooding dose of L-[ring-
2
H5]-phe.  

Plasma levels of APP were not affected by ISS (P > 0.10; Control vs. ISS+ and high M+C).  

Only plasma albumin levels decreased with reduced M+C intake (29.0 vs. 24.2 g/L; ISS+ and 

high M+C vs. ISS+ and low M+C, respectively; SEM=1.3; P = 0.02).  Molar enrichment of free 

phe in the liver and SI ranged from 85 to 91% of that in plasma, indicating adequate flooding.  

Based on tracer incorporation time measured from the end of the tracer infusion to tissue 

sampling, total plasma protein FSR was increased during ISS (50.3 vs. 56.9 %/d, SEM=1.6; P = 

0.01) and plasma FSR tended to decrease with reduced M+C intake (56.9 vs. 52.5 %/d, 

SEM=1.6; P = 0.08); albumin FSR was not affected by ISS (P > 0.10), but decreased with 
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reduced M+C intake (49.5 vs. 41.9 %/d, SEM=1.6; P = 0.005).  Treatment effects were not as 

clearly identified when tracer incorporation time was measured from the start of the infusion to 

tissue sampling.  There were no treatment effects on FSR in liver and SI.  The FSR of plasma 

proteins appears a more sensitive indicator of liver protein synthesis.  Overall, these results 

suggest that restricting M+C intake during ISS decreases total plasma protein and albumin 

synthesis, implicating M+C as important nutrients involved in the immune response. 

 

5.2 Introduction 

Protein deposition (Pd) represents the balance between the concurrent processes of 

synthesis and degradation in a specific tissue or within the whole body (Metayer et al., 2008).  In 

an effort to maximize Pd and optimize nutrient utilization in pigs, there is a need to determine the 

dietary amino acid (AA) requirements for Pd at each stage of development and under varying 

environmental conditions.  The AA requirements of growing pigs have been studied extensively 

(NRC, 1998).  However, there is limited information about the impact of disease on AA 

requirements of growing pigs, even though some AA may play an important role in the animal’s 

immune response (Hunter and Grimble, 1994, 1997; Malmezat et al., 2000b; Melchior et al., 

2004).  It has been noted that cysteine is released from skeletal muscle protein in quantities 

closest to the theoretical requirements for the synthesis of acute phase proteins (APP) (Reeds et 

al., 1994).  Of particular importance is albumin, which constitutes between 40 and 63% of total 

plasma proteins (Foster et al., 1950; Ramirez et al., 1963) and contains 3 to 6 times more 

cysteine than most other proteins (Breuille et al., 2006).  These findings suggest that cysteine is 

potentially limiting for supporting the immune system unless it is adequately supplemented in 

the diet.  Since methionine can be converted to cysteine through the transsulfuration pathway, 
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but not vice versa (Lu, 2009), it has been suggested that supplementation of methionine plus 

cysteine (M+C) is necessary during immune system stimulation (ISS) in order to support the 

overall immune response.  The present study was undertaken to determine the effects of ISS and 

M+C intake on the fractional synthesis rate (FSR) of protein various tissues and key APP.  The 

flooding dose technique of Garlick et al. (1980) using an intravenous (i.v.) infusion of L-

phenylalanine (phe) was employed to measure synthesis rate of proteins with a high turnover rate.   

 

5.3 Materials and Methods 

5.3.1 Animals and General Experimental Design 

All procedures in this study were conducted in accordance with Canadian Council on 

Animal Care guidelines (CCAC, 2009) and approved by the University of Guelph Animal Care 

Committee.  Fifteen Yorkshire barrows were selected from the University of Guelph Arkell 

Swine Research Facility herd and housed individually in floor pens at the University of Guelph 

Animal Metabolism Unit (Möhn et al., 2000).  Pigs were allowed to adjust to the new 

environment for 2 d while being fed a commercial phase III pig starter diet.  Three days after 

arrival, the pigs were randomly assigned to one of three treatment groups: 1) ISS- (control) pigs 

fed high M+C diet; 2) ISS+ pigs fed high M+C diet; 3) ISS+ pigs fed low M+C diet.  Animals 

were fed at a restricted level and were given at least 6 days to adapt to the dietary treatment 

before undergoing surgical insertion of jugular vein catheters.  Immediately after surgery, pigs 

were moved into metabolism crates (Möhn et al., 2000).  After a recovery period of at least 3 

days, ISS was induced with a repeated injection of increasing amounts of LPS.  Three days after 

the start of ISS, fractional synthesis rates (FSR) of proteins were measured using a flooding dose 

of L-phe, partly labeled with L-[ring-
2
H5]-phe. 
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5.3.2 Experimental Diets and Feeding 

Two cornstarch and soy protein concentrate based experimental diets were formulated to 

be first limiting in M+C (Gillis et al., 2007), providing approximately 2.2 (Low M+C diet) and 

4.0 g/d (High M+C diet) of total M+C intake at the targeted feed intake of 560 g/d, respectively 

(Table 5.1).  The experimental diets were prepared in single batches at the University of Guelph 

Arkell Feed Mill.  Both diets were supplemented with vitamins and minerals to exceed 

requirements according to NRC (1998).  Feed was offered twice daily, at 08:00 and 15:00, 

providing approximately 3600 kcal digestible energy per day.  Starting 3 days prior to infusion of 

the flooding dose of L-phe, animals were fed every 3 h starting at 08:00, to ensure a metabolic 

steady state condition (Nyachoti et al., 1998).  Pigs had free access to fresh water from low-

pressure nipple drinkers.    

 

5.3.3 Insertion of Catheters, Immune System Stimulation, Infusion Protocol and Sampling 

At a body weight (BW) of 9.8 ± 1.4 kg, micro-renathane catheters (1.6mm i.d., 2.41 mm 

o.d., Brain Tree Scientific, Inc., Braintree, MA) were surgically inserted into the right and left 

external jugular veins, according to the method of de Lange et al. (1989).  Catheters were flushed 

with warm physiological saline containing 2% heparin (10,000 IU/mL) immediately after 

surgery and every 24 hours thereafter.  To induce ISS the pigs were injected intramuscularly with 

either LPS from Escherichia coli strain 055:B5 (50 µg/kg; ISS+; Sigma-Aldrich Canada Ltd, 

Oakville, ON) or saline (ISS-) at 10:00.  A second injection of a larger dose of LPS (57.5 g/kg) 

or saline was given 48 hours later.  Feed was withdrawn at the 11:00 feeding following LPS 

injections.  The day after the 2
nd

 LPS injection, protein FSR was measured.  A flooding dose of 

L-phe (1.50 mmol/kg BW) containing L-[ring-
2
H5]-phe at 40 mol% (0.60 mmol/kg BW; 
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Cambridge Isotopes Laboratories Inc., Andover, MA) dissolved in sterile saline (154 mM) was 

infused during a 10 min period using a single syringe pump (Harvard Apparatus, QC).  The FSR 

was measured in one pig at a time and three pigs per day, with infusions beginning at 09:00, 

12:00 or 15:00.  Blood samples (6 mL) were collected into ethylenediamine tetraacetic acid 

(EDTA) blood collection tubes (BD Vacutainers, Mississauga, ON) immediately before the start 

of the infusion and every 5 minutes thereafter until 30 minutes after the start of infusion.  The 

infusion was stopped temporarily at blood sampling to avoid contamination of blood samples 

with the infusate.  A final 36 mL blood sample was taken at 35 minutes after the start of the 

infusion into either heparinized or EDTA blood collection tubes (BD Vacutainers, Mississauga, 

ON) for isolation of albumin and fibrinogen, respectively.  The exact time (min) of tracer 

incorporation into blood proteins was recorded, measured from either the start or the end of the 

infusion period until the final blood sample was collected.  Immediately after the last blood 

sampling, pigs were killed with an injection of sodium pentobarbital (50 mg/kg BW; Schering-

Plough Canada Inc., Kirkland, QC).  After opening the abdomen, samples of liver and small 

intestine were quickly removed, thoroughly rinsed in ice-cold saline (154 mmol/L, pH 7.4) 

containing a protease inhibitor (0.1 mmol/L phenylmethylsulfonyl fluoride; Sigma-Aldrich 

Canada Ltd, Oakville, ON), blotted dry and snap-frozen in liquid nitrogen.  The exact time (min) 

of tracer incorporation in tissue protein was recorded as well, from either the start or the end of 

the infusion period to the time that tissue samples were frozen in liquid nitrogen. 

 

5.3.4 Sample Preparation and GC-MS 

After collection, blood was stored on ice until centrifugation (2000 g at 4°C for 20 min), 

and the plasma was isolated.  A sub-sample (2 mL) of EDTA and heparinized plasma from the 
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final blood samples was immediately submitted for analysis of plasma fibrinogen, haptoglobin 

and albumin concentrations.  The remaining plasma samples were frozen at -20°C until analysis.  

Tissue samples, stored at -80°C, were sub-sampled and pulverized under liquid nitrogen using a 

mortar and pestle.  Duplicate plasma (1 mL) and pulverized tissue samples (0.5-1 g) were 

homogenized (PowerGen 700D, Fisher Scientific, Ottawa, ON) on ice in 4 mL of 2M 

trichloroacetic acid (TCA) solution, and subsequently centrifuged (2000 g at 4°C for 20 min).  

The supernatant containing free AA was applied to a cation-exchange column (Dowex 50W x 

8H+ form; Bio-Rad, Mississauga, ON), rinsed with 1M acetic acid, followed by distilled, 

deionized water and then eluted with 2 mL of 4M NH4OH solution.  The pellet containing the 

bound pool was washed 3 times in 3 mL of the TCA solution, and hydrolyzed in 3 mL of 6M 

HCl at 110°C for at least 16 h in screw-capped tubes purged with nitrogen gas.  After hydrolysis, 

3 mL of the hydrolyzed samples was centrifuged (2000 g at 4°C for 20 min) and the resulting 

supernatant was further cleaned on the cation-exchange column as described above for tissue 

free AA.  

 

Albumin was extracted from heparinized plasma using the methods of Korner and Debro 

(1956), with several modifications according to Pupim et al. (2004).  Briefly, plasma proteins 

were precipitated by adding an equal volume of cold 10% (w/v) TCA to the plasma.  The 

mixture was centrifuged at 2500 g for 10 min at 4°C.  The albumin containing fraction was 

removed from the precipitate by solubilizing the pellet in 0.5 mL of distilled, deionized water 

followed by extraction with 2.5 mL of cold 96% (v/v) ethanol-1% (w/v) TCA.  After 

centrifugation, the supernatant was collected and 2 mL of 26.8% ammonium sulphate was added 

to precipitate the albumin.  The precipitate was then washed twice with 2 mL of 0.2M perchloric 
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acid and the resulting pellet was considered to contain the isolated albumin. Albumin was stored 

in polyethylene terephthalate centrifuge tubes (Fisher Scientific, Ottawa, ON) at 4C until 

protein hydrolysis, as described above.  Purity was confirmed with SDS-PAGE following 

solubilization in 6M urea (Maguire et al., 1989). 

 

Fibrinogen was purified using the methods of Lorand (personal communication; Ryan et 

al., 1999).  Briefly, fibrinogen was removed from plasma as a fibrin clot.  To do this, 1 mL of 

plasma was combined with pure iodoacetamide (Sigma-Aldrich Canada Ltd, Oakville, ON) to a 

final concentration of 1mM iodoacetamide.  Clotting was performed by adding 15 NIH units of 

bovine thrombin reagent to the plasma.  The fibrin clot was collected using a glass rod as it 

formed and washed 3 times in a series of saline baths.  Fibrin was stored at 4C until protein 

hydrolysis, as described above.  Purity of fibrin was assessed using a Western Blot, following 

solubilization in 6M urea, 40mM dithiothreitol and 2% SDS (Ryan et al., 1999).  

 

The isotopic enrichment of L-[
2
H5]-phe in plasma and tissue free and protein-bound pools, 

as well as in albumin and fibrinogen, was determined in duplicate by GC-MS as the n-propyl 

heptafluorobutyrate derivative with a Varian model 1200 GC linked to a single quadrupole MS 

(Agilent Technologies Canada Inc., Mississauga, ON) operating in the electron ionization mode 

(Culea and Hachey, 1995; MacKenzie, 1987). Ions with mass-to-charge ratios of 91 and 96 were 

monitored and converted to percentage molar enrichment (mol%) using calibration curves 

prepared with purified L-[ring-
2
H5]-phe standards (Cambridge Isotopes Laboratories Inc., 

Andover, MA).  Acceptable repeatability for free pool samples was assumed when the difference 

between duplicates was less than 5% difference.  However for protein-bound pools, where the 
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phe concentration was low and near the limit of quantification, a difference of less than 20% was 

deemed acceptable, as recommended by the U.S. FDA (2001).  To measure repeatability of the 

GC-MS, a set of standards were run in six replicates.  

 

5.3.5 Calculations and Statistical Analysis 

Protein FSR was calculated according to Garlick et al. (1980) as  

 

Equation 1: FSR = (EBound t * 1440 min/d * 100%) / (EFree t * t)    

 

where FSR (%/d) is defined as the percentage of protein in a tissue that is synthesized in a day, 

EBound t is the isotopic enrichment (mol%) of L-[ring-
2
H5]-phe in the protein-bound tissue pool at 

time t, EFree t is the observed isotopic enrichment (mol%) of L-[ring-
2
H5]-phe in the free tissue 

pool at time t, and t is the exact time (min) of tracer incorporation measured from either the start 

or the end of the i.v. tracer infusion to the time the tissue sample was frozen in liquid nitrogen.   

 

 Albumin and fibrinogen FSR was calculated similarly using equation 1, however the 

precursor pool (EFree t ) was assumed to be similar to that in the liver free pool.  

 

 Statistical analyses were performed using the mixed model procedures of SAS v9.2 (SAS 

Institute, Inc., Cary, NC).  The blood parameters, isotopic enrichment and FSR results were 

analyzed for treatment effects with treatment as a fixed effect, and pig within treatment as a 

random effect.  Orthogonal polynomial contrasts were performed to test the difference between 

control pigs and ISS+ pigs fed the high M+C diet, as well as between the ISS+ pigs fed each 



 85 

level of M+C intake.  Differences between treatment means were assessed using the least 

significant difference procedure of SAS, with significance accepted at P < 0.05.  Probabilities 

between 0.05 and 0.10 were considered to suggest a trend, due to the relatively small sample size. 

 

5.4 Results 

5.4.1 General Observations 

Prior to surgery and ISS, pigs appeared healthy and readily consumed their daily feed 

allowances.  The pigs recovered quickly after surgery with no complications.  The meal 

immediately following each LPS injection was withheld from pigs receiving this treatment as 

they showed signs of anorexia.  However, no other visual signs of ISS were noted.  In the last 

12h prior to infusion, pigs readily consumed their feed allowance, with feed intake averaging 

76% of allowance.  When possible, the infusion was performed in the left jugular catheter, while 

blood samples were collected from the right catheter.  For two pigs where the left catheter was 

occluded, the right catheter was used for both infusion and blood sampling; for these pigs, no 

blood samples were collected during the tracer infusion.   

 

5.4.2 Experimental Diets 

Calculated and analyzed dietary nutrient contents are presented in Table 5.1.  For the high 

M+C diet, the analyzed AA contents were in agreement with calculated values based on 

ingredient compositions according to NRC (1998) and exceeded requirements according to NRC 

(1998).  In contrast, for the low M+C diet, the analyzed AA contents were between 12 and 32% 

higher than calculated values.  However, analyzed M+C contents were still lower than 

requirements according to NRC (1998).  For both diets the calculated M+C to lysine ratio were 
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similar to the analyzed ratio at 44%, which is lower than the optimum ratio according to NRC 

(1998).  Ratios of the other essential AA to lysine exceeded the optimum ratios according to 

NRC (1998), indicating that M+C was first limiting among AA in both diets. 

 

5.4.3 Blood Parameters 

 Table 5.2 shows the effect of treatment on the measured key plasma acute phase proteins.  

There was no effect of treatment on either plasma haptoglobin or fibrinogen (P > 0.10); however, 

plasma albumin concentrations were affected by M+C intake (P = 0.02), such that plasma 

albumin concentration was greater in ISS+ pigs fed the high M+C diet than ISS+ pigs fed the 

low M+C diet.  

 

5.4.4 Enrichment Curves and SDS-PAGE Analysis 

 Figure 5.1 depicts the change in plasma free phe enrichment for one randomly selected 

pig from each treatment.  Peak enrichment was reached at the end of the 10 min infusion period 

and was sustained for the course of the sampling period.  Figure 5.2 depicts the SDS-PAGE 

analysis of albumin.  Purified plasma albumin is visible at approximately 63 kDa, however a 

small contaminating band is present at approximately 20 kDa.   

 

5.4.5 Plasma, Tissue and Plasma Acute Phase Protein Fractional Synthesis Rates 

 The mean isotopic enrichment (±SEM) in the plasma, tissues and plasma APP are given 

in Table 5.3.  Enrichment of free phe in liver ranged from 85 to 90% of that in plasma, while the 

enrichment of free phe in the SI ranged from 87 to 91% of that in plasma.  In Table 5.4, the 

effects of treatment on plasma, tissue and acute phase protein FSR are shown.  Regardless of 
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calculation method, there were no effects of treatment for liver or small intestinal protein FSR (P 

> 0.10).  When FSR was calculated based on incorporation time from the start of the infusion to 

tissue sampling, plasma protein FSR tended to increase with ISS (P = 0.10) and decrease with 

reduced M+C intake (P = 0.10).  When calculations were based on incorporation time from the 

end of the infusion period to tissue sampling, however, plasma FSR was increased with ISS (P = 

0.02) and there was also a trend for plasma FSR to be lower in ISS+ pigs fed the low M+C diet 

compared to ISS+ pigs fed with the high M+C diet (P = 0.08).  Plasma albumin FSR was not 

affected by ISS, regardless of how incorporation time was represented in the calculations (P = 

0.23; P = 0.84), however, ISS+ pigs on the low M+C diet had a lower plasma albumin FSR than 

those in the high M+C diet (P = 0.005; P = 0.01).  Plasma fibrinogen FSR was not affected by 

ISS or M+C intake, regardless of how incorporation time was represented in the calculations (P 

> 0.17). 

 

5.5 Discussion 

 The current study aimed to determine the effect of ISS as well as the effect of varying 

levels of daily M+C intake level on the rate of protein synthesis in selected tissues and in key 

APP.   

 

Since ISS has been shown to reduce voluntary feed intake (Williams et al., 1997), 

animals were fed at a restricted level in order to eliminate potential confounding of feeding level 

with ISS.  LPS administration was selected as the model for non-infectious immune challenge 

based on previous work in our laboratory (Rakhshandeh and de Lange, 2012).  While repeated 

LPS administration during periods of more than 4 days has previously been shown to elicit a 
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tolerance response in pigs (Chapter 4), the current study only required a 3-day immune challenge 

period, reducing the likelihood of the development of tolerance to LPS.    

 

There was no effect of ISS on the concentration of any of the plasma APP, nor any effect 

of daily M+C intake on the concentration of haptoglobin or fibrinogen.  This is contrary to 

previous results in which ISS has a significant effect on the plasma concentration of these APP 

(Eckersall et al., 1996; Heegard et al., 1998; Hulten et al., 2003; Jahoor et al., 1999; Lampreave 

et al., 1994; Lauritzen et al., 2003; Parra et al., 2006; Petersen et al., 2002; Rakhshandeh and de 

Lange, 2010, 2012; refer to Tables 2.2, 2.3 and 2.8), suggesting that the approach for ISS used in 

this study was not severe enough to detect changes in plasma APP concentration.  The response 

to LPS or any other immune stimulant will vary between animals due to variation in individual 

animal sensitivity.  However, given that this model has been carefully evaluated in previous 

studies (Rakhshandeh and de Lange, 2012), it is also possible that in this study the plasma APP 

levels are not a sufficiently sensitive measure of ISS.  The small sample size and relatively large 

variation within treatment groups may have limited the ability to detect any changes in plasma 

APP levels.  Furthermore, the pigs were only allowed 6 days to recover from surgical 

catheterization, which may have been insufficient to reduce APP levels to those in healthy pigs 

(Tables 2.2, 2.3 and 2.8).  It is well established that it can take between 4 and 7 days for plasma 

APP levels to return to baseline (Petersen et al., 2004).  When comparing the APP levels in the 

current study to those determined in Chapter 4 using pigs from the same genetic line, it is 

apparent that the concentration of measured APP in the current study is, numerically, 

intermediate to the previously determined values for healthy and ISS+ pigs (refer to Tables 4.3 

and 5.2).  The fact that plasma albumin concentration was lower in ISS+ pigs fed the low M+C 
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diet compared to those fed the high M+C diet is in keeping with previous results (Rakhshandeh 

and de Lange, 2010).   

 

 A flooding dose of phe partly labeled with L-[ring-
2
H5]-phe was used for several 

reasons.  First, measurements of the rate of incorporation of a labeled AA over a relatively short 

period of time have been determined to be the simplest method of measuring protein synthesis in 

specific protein pools (Stein, 1982).  Second, the flooding dose technique was used to minimize 

the potential errors associated with the exchange or recycling of both native and exogenous AA 

in protein pools with high protein turnover rates (Sax et al., 1988), which is achieved by allowing 

a relatively short time period for incorporation of tracers into protein.  Third, while aminoacyl-

tRNA is the immediate AA precursor pool for protein synthesis, it is very difficult to isolate and 

measure, due to its lability (Waterlow, 2006); thus using a flooding dose allows for a relatively 

uniform level of labeling to be achieved in the various free AA pools, including aminoacyl-

tRNA (Davis et al., 1999).  Phenylalanine is commonly used as the AA tracer of choice due to its 

relatively small pool size, making flooding conditions more easily achieved (Davis et al., 1999).  

In the present study, molar enrichment of free phe in the liver and SI ranged from 85 to 91% of 

that in plasma, indicating adequate flooding, at least of free phe pools.  Fourth, phe was selected 

among AA as it has been shown, when used as a flooding dose, to have no direct effect on FSR 

(Davis and Reeds, 2001; Garlick et al., 1980; Southorn et al., 1992).  It has also been shown that 

a flooding dose of phe does not interfere with blood homeostasis or metabolic status (Bregendahl 

et al., 2004; Goyarts et al., 2006; Nyachoti et al., 1998).   
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A constant level of labeling in the precursor pool is assumed when calculating protein 

FSR from incorporation of labeled AA into specific proteins according to Eq. 1.  The results in 

Figure 5.1 show that peak enrichment of free phe in plasma was quickly achieved and 

maintained constant throughout the period of tracer incorporation into various proteins.  In 

addition, high levels of flooding (i.e. the ratio between level of labeling of free phe in tissues vs. 

that in blood plasma) were achieved in free phe pools in the liver and SI at the time of sampling 

for measurement of protein FSR (Table 5.3).  Even though the time course of the level of 

labeling in the liver and SI was not established in the current study, based on results from other 

studies (Bregendahl et al., 2004; Davis et al., 1999) it may be assumed that the level of labeling 

of free phe in liver and SI was constant as well.  Based on these considerations, it is appropriate 

to assess the effect of treatment on calculated FSR in the various protein pools (Garlick et al., 

1997). 

 

Albumin and fibrinogen are APP that are synthesized in the liver and exported to plasma 

shortly after synthesis (Danicke et al., 2003; Goyarts et al., 2006; Guillet et al., 2004; McMillan 

et al., 1996).  In healthy pigs, albumin secretion time was estimated to be 13±7 minutes after 

synthesis (Danicke et al., 2003), while in pigs exposed to the toxin deoxynivalenol, albumin and 

fibrinogen secretion times ranged from 6.8 to 30.8 and 4.5 to 28.2 minutes after synthesis, 

respectively (Goyarts et al., 2006).  It is thus reasonable to measure tracer incorporation in 

plasma albumin and fibrinogen, and to assume that the level of labeling of free phe in the liver is 

a more appropriate estimate than that in free plasma phe, for the level of labeling of phe in the 

immediate precursor pool for synthesis of these two APP.  
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It should be noted that while several protocols to purify plasma albumin were examined 

(Korner and Debro, 1956; Pupim et al., 2004; van den Akker et al., 2007), SDS-PAGE results 

demonstrated a small contaminating band at approximately 20 kDa (Figure 5-2, lane 3 and 6).  It 

has been suggested that the 20 kDa protein consists mainly of apolipoprotein A-1 (Jacobs et al., 

2005).  Other researchers have noted the same result and it has been determined through 

densitometry analysis that this contamination can account for up to 8% of the mass of the 

isolated albumin-containing protein fraction (Jacobs et al., 2005; Pupim et al., 2004).  The 

protocol that was used for albumin purification in the current study was based on work of Pupim 

et al. (2004).  These researchers stated that their protocol was successful at eliminating protein 

contaminants; however, they failed to state the amount of albumin used per well for analytical 

electrophoresis.  Based on the SDS-PAGE results of the current study, it is clear that, depending 

on the amount of albumin loaded per well, the amount of contaminating protein may be too small 

to detect, resulting in an overestimation of the actual albumin content.  Regardless, given that the 

amount of contamination across treatments was very likely to be similar, the relative differences 

in albumin FSR between treatments are estimated with reasonable accuracy.   

 

The results of the current study demonstrate that there was no effect of ISS on either the 

liver or small intestinal protein FSR when pigs consume a diet with M+C levels that exceed 

requirements for maximum growth performance.  Furthermore, there was no effect of daily M+C 

intake on protein FSR in either of these tissues.  These data suggest that neither of these tissues is 

particularly sensitive to ISS or dietary intake of M+C. Previous research has shown an increased 

need for M+C in the gut as a result of enteric infection (Malmezat et al., 2000b).  In the current 

study, the pigs were exposed to a non-infectious immune challenge, which may explain the lack 
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of treatment differences in the SI.  It would, however, be expected that during ISS, the FSR of 

the liver would increase to supply the host with the appropriate proteins and peptides to support 

the immune response.  In fact, depending on the disease model evaluated, hepatic protein 

synthesis has been shown to increase between 30 and 100% (Breuille et al., 1998).  It is possible 

that since there is a preferential stimulation of secretory proteins from the liver during ISS, that 

the FSR of the liver would not be indicative of this change since the synthesized hepatic proteins 

would be released into the bloodstream.  The current results suggest this may the case.  Based on 

tracer incorporation time measured from the start of the tracer infusion to tissue sampling, there 

was a trend for an increase in plasma protein FSR during ISS.  However, this trend became 

significant when plasma protein FSR was based on tracer incorporation time measured from the 

end of the tracer infusion.  Since plasma proteins are largely synthesized in the liver and require 

time to be exported to the plasma, calculating plasma protein FSR based on incorporation time 

measured from the end of the tracer infusion may be more indicative of the actual biological 

processes.  Moreover, the trend that daily M+C intake level can increase plasma FSR suggests 

that supplementation with M+C during ISS may improve the immune status of the animals and 

thereby reduce the negative impact of ISS on pigs.  This is confirmed by the finding that FSR of 

plasma albumin, an APP that is high in cysteine content, was increased in ISS+ pigs fed a high 

M+C diet compared to those fed the low M+C diet.  Plasma fibrinogen FSR, however, was 

unaffected by either ISS or daily M+C intake level.  It is interesting to note the high FSR of 

plasma fibrinogen in the current study.  Previously, plasma fibrinogen FSR increased by 140% in 

pigs challenged with turpentine, reaching synthetic rates as high as 110 %/day (Jahoor et al., 

1999).  Similarly, in piglets with dextran sulfate-induced colitis, plasma fibrinogen reached 

synthesis rates of 130 %/d (Mackenzie et al., 2003).  In these studies, FSR was calculated using a 
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continuous infusion over a 6-hour period.  This technique inherently underestimates the synthesis 

rate of proteins with a high turnover rate, due to the long incorporation time.  In the current study, 

mean plasma fibrinogen values ranged from 409 %/day to 709 %/day, depending on how 

incorporation time was represented in the calculations, with a large inter-individual variability.  

 

5.6 Conclusions and Implications 

Overall, the results of the current study suggest that there is an effect of both ISS and 

daily M+C intake on the synthesis of plasma proteins, especially albumin.  Neither the FSR of 

the liver nor SI was affected by either ISS or M+C intake; however, the FSR of plasma proteins 

may have been more indicative of hepatic protein synthesis, due to the preferential stimulation of 

secreted proteins.  The FSR of plasma proteins was increased with ISS and tended to decrease 

with lower M+C intake.  Plasma albumin FSR was lower in pigs consuming a low M+C diet.  

Thus, the current results suggest that restricting M+C intake during ISS decreases total plasma 

protein and albumin synthesis, implicating M+C as important nutrients involved in the immune 

response.  This is in keeping with previous research, which suggests that supplementation of 

M+C in ISS+ pigs would improve immune status.  

 

 

  



 94 

Table 5.1 Calculated and analyzed nutrient contents (%, as is basis) of the experimental diets
1
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
Calculated values represent contributions from synthetic amino acids and the amino acid composition of soy protein 

concentrate according to NRC (1998).  
2  

M+C: methionine plus cysteine 
3
Anal.: analyzed values, Calc.: calculated values 

4
 N: nitrogen 

  Low M+C
2
  High M+C

2
 

Parameter   Anal.
3
 Calc.

3
   Anal. Calc. 

Crude Protein (N
4
 x 6.25)  18.8 14.6  30.2 26.3 

Methionine  0.25 0.19  0.35 0.34 

Cysteine  0.24 0.21  0.37 0.37 

M+C
2
  0.49 0.39  0.72 0.71 

Lysine  1.07 0.89  1.64 1.62 

Isoleucine  0.78 0.67  1.19 1.22 

Leucine  1.31 1.10  2.01 1.99 

Histidine  0.44 0.44  0.67 0.71 

Phenylalanine 0.84 0.74  1.30 1.35 
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Table 5.2 Concentration of key plasma acute phase proteins in control (ISS-) and immune system stimulated (ISS+) pigs fed either 

high or low methionine plus cysteine (M+C) containing diets
1,2

. 

    Treatments SEM P value 

Parameter   ISS-, High M+C Diet ISS+, High M+C Diet ISS+, Low M+C Diet  ISS
3
 M+C Intake

4
 

Albumin (g/L)  29.6 29.0 24.2 1.3 0.74 0.02 

Fibrinogen (g/L)   2.10 2.26 2.04 0.13 0.39 0.24 

Haptoglobin (g/L)  0.79 0.75 0.69 0.08 0.70 0.60 

1
 Immune system stimulation (ISS) was induced with increasing doses of E. coli lipopolysaccharide injected intramuscularly 1 and 3 d prior to infusion of a 

flooding dose of phenylalanine. 
2
 The data presented are means (n = 5 pigs) and based on blood samples taken approximately 35 min after the start of a 10 min i.v. infusion of a flooding dose of 

1.5 mM/kg body weight of 40% molar enriched L-[ring-
2
H5]-phenylalanine. 

3 
Probability of contrast comparing ISS-, High M+C Diet vs. ISS+, High M+C Diet 

4 
Probability of contrast comparing ISS+, High M+C Diet vs. ISS+, Low M+C Diet 
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Table 5.3 Mean isotopic enrichment (mol %) of L-phenylalanine in the free and bound pools of plasma and tissues in control (ISS-) 

and immune system stimulated (ISS+) pigs fed either high or low methionine plus cysteine (M+C) containing diets
1,2

. 

     Treatments SEM P value 

Pool Tissue   ISS-, High M+C Diet ISS+, High M+C Diet ISS+, Low M+C Diet  ISS
3
 M+C

4
 

Free Plasma  33.6  31.9  33.5  0.8 0.16 0.20 

 Liver  28.4  28.8  30.1  0.6 0.61 0.12 

 Small Intestine   29.5  28.5  30.6  0.6 0.28 0.03 

Bound Plasma  0.31  0.32  0.31  0.01 0.61 0.18 

 Plasma Albumin  0.24  0.24  0.21  0.01 0.88 0.04 

 Plasma 

Fibrinogen  2.57 2.97 2.71  0.18 0.14 0.33 

 Liver  0.49  0.50  0.54  0.03 0.79 0.39 

 Small Intestine  0.70  0.65  0.66  0.05 0.51 0.90 

1
 Immune system stimulation (ISS) was induced with increasing doses of E. coli lipopolysaccharide injected intramuscularly 1 and 3 d prior to infusion. 

2
 The data presented are means (n = 5 pigs) and based on blood samples taken approximately 35 min after the start of a 10 min i.v. infusion of a flooding dose of 

1.5 mM/kg body weight of 40% molar enriched L-[ring-
2
H5]-phenylalanine.  

3 
Probability of contrast comparing ISS-, High M+C Diet vs. ISS+, High M+C Diet 

4 
Probability of contrast comparing ISS+, High M+C Diet vs. ISS+, Low M+C Diet 
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Table 5.4 Fractional synthesis rate (%/d) of protein in selected tissues and key plasma acute phase proteins in control (ISS-) and 

immune system stimulated (ISS+) pigs fed either high or low methionine plus cysteine (M+C) containing diets
1,2

. 

    Treatments SEM P value 

Tissue   ISS-, High M+C Diet ISS+, High M+C Diet ISS+, Low M+C Diet  ISS
3
 M+C intake

4
 

Plasma Protein 

End of infusion  50.3 56.9 52.5 

 

1.6 

 

0.01 

 

0.08 

Start of infusion  35.8 38.6 35.7 1.2 0.10 0.10 

Plasma Albumin 

End of infusion  46.6 49.5 41.9 

 

1.6 

 

0.23 

 

0.005 

Start of infusion   32.7 33.0 27.9 1.2 0.84 0.01 

Plasma Fibrinogen 

End of infusion  709 697 625 54 0.87 0.36 

Start of infusion  409 471 413 30 0.17 0.20 

Liver Protein 

End of infusion  83.2 89.2 91.7 

 

6.1 

 

0.49 

 

0.78 

Start of infusion  61.3 63.0 64.9 4.5 0.80 0.80 

Small Intestine 

Protein 

End of infusion   110 111 105 

 

9 

 

0.96 

 

0.67 

Start of infusion  81.0 79.2 75.3 6.0 0.83 0.66 

1
 Immune system stimulation (ISS) was induced with increasing doses of E. coli lipopolysaccharide injected intramuscularly 1 and 3 d prior to infusion. 

2
 The data presented are means (n = 5 pigs) and based on blood samples taken approximately 35 min after the start of a 10 min i.v. infusion of a flooding dose of 

1.5 mM/kg body weight of 40% molar enriched L-[ring-
2
H5]-phenylalanine. Calculations were conducted using two different incorporation times, whereby 

incorporation time was measured from either the start or end of tracer infusion period until sampling of tissue. 
3 
Probability of contrast comparing ISS-, High M+C Diet vs. ISS+, High M+C Diet 

4 
Probability of contrast comparing ISS+, High M+C Diet vs. ISS+, Low M+C Diet 
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Figure 5.1 Quantitative relationship between isotopic enrichment (Y; mol%) of L-[ring-
2
H5]-phenylalanine in the plasma free pool 

and time (x; min) after an  i.v. infusion of a flooding dose of 1.5 mM/kg body weight of 40% molar enriched L-[ring-
2
H5]-

phenylalanine in control (ISS-) and immune system stimulated (ISS+) pigs fed either high or low methionine plus cysteine (M+C) 

containing diets. Immune system stimulation (ISS) was induced with increasing doses of E. coli lipopolysaccharide injected 

intramuscularly 1 and 3 d prior to infusion. 
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Figure 5.2 SDS-PAGE analysis of purified albumin using the methods of Pupim et al. (2004).  

Lanes 1, 2 and 3 are samples from pig 1 and diluted 10, 5 and 1x, respectively.  Lanes 4, 5 and 6 

are samples from pig 7 diluted 10, 5 and 1x, respectively.  Lane 7 is the pre-stained protein 

ladder.  Albumin is visible at approximately 63kDa, while a small contamination is present at 

approximately 20kDa.  Porcine albumin has a molecular weight of 65 kDa.

    1       2        3         4           5           6             7 
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6.0 SUMMARY AND GENERAL DISCUSSION 

Chronic subclinical disease in commercial pork production has important 

implications for amino acid (AA) metabolism in pigs and, therefore, dietary AA 

requirements.  Mediated largely by pro-inflammatory cytokines, inflammation and 

associated immune system stimulation (ISS) result in the development of anorexia, 

hyperthermia (Klasing, 2007; Le Floc’h et al., 2004; Williams et al., 1997) and an 

increase in the synthesis of hepatic proteins and peptides, such as acute phase proteins 

(APP) and glutathione (GSH; Hunter and Grimble, 1994; Malmezat et al., 2000a; Reeds 

and Jahoor, 2001).  Concurrently, skeletal muscle protein is catabolized for the release of 

AA to support hepatic protein and peptide synthesis (Colditz, 2004; Husband, 1995).  The 

immune system is dependent on the adequate availability of AA for the synthesis of these 

compounds (Li et al., 2007).  Previous research implies that sulfur AA (methionine plus 

cysteine; M+C) may become first limiting among AA during ISS for the synthesis of 

APP, GSH and other antioxidants. 

 

The AA requirements of growing pigs have been studied extensively (NRC, 1998).  

However, there is limited information about the impact of disease on dietary AA 

requirements of growing pigs.  The studies presented in this thesis were conducted to 

explore the impact of M+C intake on some aspects of protein metabolism in ISS growing 

pigs.  Since methionine can be converted to cysteine through the transsulfuration pathway, 

but not vice versa (Lu, 2009), it has been suggested that there is a minimum dietary 

methionine to methionine plus cysteine ratio (M:M+C), at which methionine and M+C 

utilization for whole body protein deposition (Pd) is maximized.  Thus, determining the 
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optimal M:M+C is necessary to appropriately fortify diets to minimize the negative 

impact of ISS on pigs.  Furthermore, to determine if M+C supplementation will aid in 

minimizing the negative impact of ISS, the effects of ISS and M+C intake on the 

fractional synthesis rate (FSR) of protein in various tissues involved in the immune 

response (e.g. liver and intestine), as well as key APP were explored.  

 

In Chapter 4, results from a nitrogen (N) balance study are reported in which 

growing pigs were fed varying M:M+C, prior to and during ISS.  ISS was induced by 

injecting increasing doses of E. coli lipopolysaccharide (LPS) intramuscularly every 48 

hours for a period of 7 days.  It was demonstrated that prior to ISS, Pd was increased with 

increasing dietary M:M+C until reaching a plateau at 0.57, which is in close agreement 

with the previous value of 0.55 established for the same population of pigs by Gillis et al. 

(2007).  As anticipated, the rate of Pd decreased during ISS, as pigs divert AA generally 

used for skeletal muscle protein synthesis towards supporting the immune response.  

However, previous studies have implicated an increase in cysteine requirements, relative 

to methionine, during ISS (Breuille et al., 2006; Grimble, 1992; Hunter and Grimble, 

1994, 1997; Jahoor et al., 1995; Malmezat et al., 1998, 2000a, b).  Interestingly, during 

the first 3 days of the 7 day ISS challenge period, the optimal M:M+C was found to be 

increased. Regression analysis indicated that the efficiency of N retention and Pd 

increased linearly with increasing M:M+C from 0.42 to 0.62.  A similar pattern was seen 

in the last 4 days of the 7 day challenge period, with both linear and quadratic effects of 

M:M+C indicating an increase in Pd with increasing M:M+C, and a plateau determined 

at 0.59 M:M+C.  Thus, the optimal M:M+C was found to be increased during ISS in 
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growing pigs and the requirement for methionine, relative to cysteine, found to be greater 

in ISS pigs.  It is hypothesized that this may be due to an increased need for methionine 

as a methyl donor (Grimble, 2002; van de Poll et al., 2006), as a catalytic antioxidant 

through the methionine sulfoxide reductase system (Metayer et al., 2008) or as a substrate 

for cystathionine, and subsequently GSH, synthesis.  The latter seems to be the more 

likely scenario, as cysteine is extremely unstable (Meister, 1988) and found to be toxic at 

high doses (Dilger et al., 2007).  The finding that the rate of transsulfuration (Malmezat et 

al., 2000b) and the activity and transcription levels of genes and enzymes involved in 

GSH synthesis is increased during ISS (Mosharov et al., 2000; Rakhshandeh et al., 2010b, 

c; Taoka et al., 1998) provides further support for this hypothesis.  While in the current 

study it was determined that the optimum M:M+C is increased during ISS, the regression 

analysis for the ISS challenge N-balance period 1 showed that the optimal M:M+C was 

greater than 0.62, i.e. the highest level evaluated in the current study.  

 

To assess the effects of ISS and M+C intake on the FSR of various tissues 

involved in the immune response (e.g. liver and intestine), as well as key APP, a flooding 

dose of L-phenylalanine (phe), partly labeled with L-[ring-
2
H5]-phe, was employed 

(Chapter 5).  An intravenous dose of L-phe was given to healthy pigs and ISS pigs 

consuming diets with levels of M+C that were either below or above estimated 

requirements according to NRC (1998).  In this study, ISS was induced by injecting 

increasing doses of LPS intramuscularly 1 and 3 d before determining FSR.  The results 

of this study demonstrated that there was no effect of ISS or M+C intake on small 

intestinal protein FSR, suggesting that this tissue is not particular sensitive to either of 
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these treatments.  It has previously been shown that the M+C needs of the gut are 

increased during enteric infection (Malmezat et al., 2000b); however, the current study 

exposed pigs to a non-infectious disease challenge.  Similarly, there was no effect of ISS 

or M+C intake on liver protein FSR.  It is possible that since there is preferential 

synthesis of secretory proteins in the liver during ISS, the FSR of plasma proteins would 

be more indicative of ISS.  In fact, when protein FSR was calculated based on tracer 

incorporation time measured from the end of tracer infusion period to tissue collection, 

allowing for a delay for the secretion of the proteins into the plasma, it was found that 

plasma protein FSR increased during ISS and tended to decrease with reduced M+C 

intake.  Moreover, plasma albumin FSR, an APP that is high in cysteine content, was 

increased in ISS pigs fed a high M+C diet compared to those fed the low M+C diet.  

These data suggest that restricting M+C intake during ISS decreases total plasma protein 

and albumin synthesis and implicates M+C as important nutrients involved in the 

immune response.  It should be noted that due to a small sample size and relatively large 

variation in this study, the study had limited sensitivity to assess treatment effects and 

there were some concerns about the effectiveness of ISS.   

 

Based on these considerations, future research should be conducted to more 

accurately determine the optimal M:M+C during ISS.  While the research presented in 

this thesis (Chapter 4) was able to determine that the optimal M:M+C increases as a 

result of ISS, the actual ratio was not defined.  In order to appropriately fortify diets to 

minimize skeletal muscle catabolism during ISS and thereby reduce the negative effects 

of disease, the optimal ratio must be determined.  Concurrently, in order to elucidate the 
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mechanism behind the increase in methionine requirements, relative to cysteine, the rate 

of transsulfuration can be measured by use of a differently labeled methionine and 

cysteine infusion.  These data would provide novel information on methionine and 

cysteine kinetics in pigs.  

 

In addition, the examination of the effects of ISS and M+C intake on the FSR of 

APP warrants further exploration.  Several changes to the experimental design would 

allow for a more robust assessment of ISS effects on FSR.  First, by using more pigs per 

treatment, treatment effects can be determined more precisely.  Secondly, allowing the 

pigs more time to recover post-surgery would ensure that pigs were fully recovered from 

surgery at the start of ISS induction, and differences in the immune status between 

control and ISS pigs would be more easily identified.  Also, by measuring febrile 

response, such as eye temperature as a measure of body temperature, the effectiveness of 

ISS can be evaluated more carefully.  Lastly, the addition of a healthy control group fed 

the low M+C containing diet would allow for examination of M+C intake in both healthy 

and ISS pigs.   

 

 While there is no ideal model for the study of subclinical disease, the use of 

repeated and increasing doses of LPS appears to be a reasonable model for mild ISS and 

is considered to be a suitable model for studying nutrient utilization and evaluating the 

efficacy of nutritional intervention during acute ISS (Rakhshandeh and de Lange, 2012).  

When using repeated injections of LPS as a model for chronic mild ISS, however, it 

results in endotoxin tolerance.  Moreover, the impact of LPS on the host’s immune 
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system is largely mediated through the Toll-like receptors on the myeloid as well as 

lymphoid cells (Hoebe et al., 2004).  This is in contrast to infectious bacterial diseases 

that impact the host through a variety of mechanisms (Carroll, 2004; Fujita, 2002).  

 

Based on these considerations, results obtained from LPS-induced ISS should be 

interpreted with some caution and additional observations with other disease models, 

including actual disease, may be obtained before practical recommendations can be made 

about M+C nutrition during ISS. 

 

Collectively, the results of the studies presented in this thesis indicate that LPS-

induced ISS increases the dietary requirement for M+C, relative to other essential AA, 

such as lysine, and increases the optimal dietary M:M+C for growing pigs.  Further 

research is needed to accurately assess the impact of ISS on the quantitative changes in 

M+C requirements and evaluate the impact of alternative disease models. 
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