
ABSTRACT 

SHEN, YAN BIN. Functional Role and Application of Tryptophan and Methionine in 

Animals. (Under the direction of Sung Woo Kim). 

The objective of this research is to evaluate the functional role and potential 

application of tryptophan (Trp) and methionine (Met) in improving growth, development, 

health status, and welfare of animals.  Experiment one examined the functional role of 

increasing dietary supplemental L-Trp of pigs under social stress.  Seventy two individually 

housed barrows were randomly allotted to 6 treatments representing supplementation of 0, 2, 

4, 6, 8, or 10 g L-Trp/kg for 15 d.  On d 5 and 10, all pigs were paired to create mixing stress.  

This experiment found supplementation of L-Trp improved growth performance of 6 wk old 

nursery pigs in association with increasing hypothalamic serotonin (5-hydroxytryptamine, 5-

HT) production, reducing stress hormone concentrations, decreasing lipid peroxidation, 

increasing drinking, and reducing sitting and lying.  Increase in body weight gain was 

maximal when daily total Trp intake was 10.8 g. 

Experiment two examined the effect of reducing large neutral amino acid (LNAA) on 

facilitating the functional effects of L-Trp supplementation on nursery pigs experiencing 

social-mixing stress.  Forty eight individually housed barrows were randomly allotted to 4 

dietary treatments based on a 2 × 2 factorial arrangement, with L-Trp supplementation (0 or 

6g/kg) and LNAA concentrations (4.5 or 3.8%) as the two main factors.  This experiment 

found lowering LNAA further enhanced the improvement of feed efficiency by L-Trp 

supplementation of nursery pigs under social-mixing stress, indicating reducing LNAA in the 

diet can facilitate the effect of L-Trp on stress response of pigs. 

Experiment three and four evaluated the application of the functional role of Trp in a 

commercial setting.  Results showed that supplementation with 8 g/kg L-Trp improved 



growth performance of pigs with social-mixing and relocation stress in association with 

reduced stress hormone secretion in a commercial setting.  Dietary supplementation of 8 g/kg 

L-Trp had similar effects on feed efficiency as a reduced LNAA diet supplemented with 7 

g/kg L-Trp, suggesting lowering LNAA is a valid method of facilitating the functional effects 

of L-Trp supplementation.   

Experiment five and six evaluated the role of cerebral Trp metabolism in the 

detrimental effect of low level dietary exposure of naturally contaminated deoxynivalenol 

(DON) on nursery pigs.  Results showed that the detrimental effects of DON on feed intake 

were related with L-Trp metabolism through increasing 5-HT turnover index in the 

hypothalamus but not other regions of the brain. 

Experiment seven and eight evaluated functional and utilization differences between 

L-Met and DL-Met on intestinal glutathione (GSH) level, redox status, gut development and 

consequently growth of young nursery pigs.  Results showed that compared with DL-Met, 

use of L-Met serves better functions for enhancing villus development in association with 

reducing oxidative stress and improved GSH production of mucosa cells of nursery pigs.  L-

Met was better utilized by young nursery pigs showing enhanced growth performance.  

Experiment nine evaluated the functional role and utilization differences between L-

Met and DL-Met on broiler chicks.  Results showed that supplementations of either L-Met or 

DL-Met had beneficial effects on villus development in association with increased GSH 

production, levels of total antioxidant capacity, and reduced protein oxidation in duodenum.  

Supplementation of L-Met served a better function on redox status and development of the 

gut of young chicks compared with DL-Met.  Chicks fed diets supplementation of L-Met had 

better growth response than chicks fed diets with DL-Met.  
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LITERATURE REVIEW 
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Introduction 

Amino acids (AA) are the fundamental structural units of protein.  There are over 500 

AA in nature, but only 20 AA naturally incorporate into protein.  Traditionally, AA have 

been classified as either essential (indispensable) or non-essential (dispensable) for animals 

and humans (Wu, 2010).  The dietary essentiality of AA is determined by the carbon 

structure of such AA.  Generally, the carbon structure of an essential AA (EAA) is not 

synthesized by animal cells, whereas the carbon structure of non-essential AA (NEAA) can 

be synthesized by animals (Table 1).  All mammals require a core of 9 EAA which must be 

provided from the diet to meet requirements for maintenance, growth, and reproduction 

(D'Mello, 2002; Wu, 2009).  Poultry require 3 additional EAA, arginine (Arg), proline (Pro) 

and glycine (Gly).  In some physiological condition, for example the early phase of 

development of animals, certain AA (Arg and Pro) may become essential because rates of 

utilization are relatively higher than rates of synthesis (Kim and Wu, 2004; Wu et al., 2004c; 

Mateo et al., 2007; Wu et al., 2010).  Those AA are named as conditionally EAA.  

Because animals must obtain EAA from the diet and many of the bulk feed ingredients 

(such as corn and soybeans) lack some of the EAA, the application of crystal AA to improve 

dietary protein utilization and body protein synthesis in the animal industry was generally 

adopted.  For example, only corn and soybean meal in a typical diet used in industry 

sometimes may fail to fulfill the animal’s requirement for certain EAA, e.g. lysine (Lys), 

methionine (Met), threonine (Thr), and tryptophan (Trp).  Meanwhile, other abundant EAA, 

e.g. leucine (Leu), in the diet would be catabolized because of the imbalance of EAA.  

Inclusion of crystal EAA that are lacking in the feed can balance the EAA and improve the 
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growth and dietary protein utilization.  Indeed, chemically synthesized or fermented Lys, 

Met, Thr, and Trp are good matches for the AA balance in feed. 

The application of crystal AA in animal industry has an almost 40-year history.  In the 

late 1950s and 1960s, DL-Met, produced by chemical synthesis, became available in poultry 

feed.  Fermentation of L-Lys was started and widely accepted in the animal industry during 

the 1960s.  Additionally, L-Thr and L-Trp became available in the late 1980s.  Currently, 

Lys, Met, Thr, and Trp are typically supplemented in diet to balance the AA profile for 

maximum protein synthesis (Baker and Han, 1994).  Because of the key functionality of AA 

in protein synthesis and improving dietary protein utilization, attention has been focused on 

that role of AA (Chung and Baker, 1992a; Baker and Han, 1994; Kim et al., 2001).  Indeed, 

extensive studies have been conducted to evaluate the nutritional requirement of EAA for 

growth and protein synthesis (Chung and Baker, 1992b; Guzik et al., 2002; Guzik et al., 

2005; Yi et al., 2006).  

However, besides being simply incorporated into protein, some AA have essential 

biological functions.  For example, among EAA, recent evidence shows that Leu can regulate 

intracellular protein synthesis and degradation.  Tryptophan and its metabolites, including 

serotonin (5-Hydroxytryptamine, 5-HT) and melatonin, have critical neurological and 

immunological functions (Shen et al., 2012).  In addition, NEAA (e.g. Gln, Glu, and Arg) are 

substrates for the synthesis of many biologically active substances including nitrogen oxide 

(NO), polyamines, glutathione (GSH), nucleic acids, hormones, and neurotransmitters and 

play important roles in regulating cell signaling, antioxidative, and immune defense system 

(Kim et al., 2007; Wu, 2010).  Thus, in the nutrition and pharmaceutical area, more and more 
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attention has been placed on the functional role of AA.  Here in the following section, the 

functionality and the associated potentials of application in the animal industry of functional 

AA will be discussed. 

Functional Amino Acid 

Amino acids, thenself and their metabolites, have enormous biological importance 

(Kim et al., 2007; Wu, 2010).  A growing body of literature has led to the recognition of the 

beneficial effect of dietary supplementation of these functional AA in animal diets (Kim and 

Wu, 2004; Wu et al., 2004c; Mateo et al., 2007; Mateo et al., 2008; Shen et al., 2012).  For 

example, adding high levels of Trp (which modulates neurological functions through 

multiple metabolites, including 5-HT and melatonin) in a conventional diet may help to 

mitigate the stress response of both animals and humans (Markus et al., 2000; Lepage et al., 

2003; Shen et al., 2012).  Supplementation glutamine (Gln) or Arg in a conventional diet can 

maximize muscle growth, milk production, egg and meat quality of animals (Wu et al., 

2004c; Mateo et al., 2007; Mateo et al., 2008; Wu et al., 2010).  It is widely acknowledged 

that in addition to their roles as building blocks of proteins, some AA play key regulatory 

roles in metabolic pathways that may benefit growth, development, and health status of the 

organism.  Research on the functionality of AA has led to the development of the concept of 

functional AA, which is defined as AA that regulate key metabolic pathways to improve 

growth, development, health, lactation, and reproduction of organisms.  Generally, functional 

AA include Arg, Gln, Leu, Met and cysteine (Cys), and Trp but not exclusively (Wu, 2010).  
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Arginine 

Arginine is a conditionally EAA involved in various biological pathways.  Generally, 

Arg can be synthesized by mammals.  The biosynthesis of Arg requires two other organs, gut 

and kidney (Wu, 2009).  In the intestine, glutamate (Glu) is used for the synthesis of citruline 

(Cit).  Kidney can generate Arg from Cit through cytosolic part of the urea cycle.  Under 

special conditions, for example the early phase of development of animals, Arg becomes 

essential because rates of utilization are relative higher than rates of synthesis (Wu et al., 

2004c).  Chicken, cats, and ferrets cannot synthesize ornithine (Orn) from Gln.  Thus, the 

biosynthesis of Arg for those animals is blocked (Wu and Morris, 1998).  Therefore, for 

those animals Arg is an EAA (Morris and Rogers, 1978; Wu, 2010).  Besides protein 

synthesis, Arg is a substrate to produce nitric oxide, Orn, urea, polyamines, Pro, Glu, 

creatine, and agmatine (Wu and Morris, 1998).  Those degradation products of Arg all have 

critical functions in the body.  

Intracellular protein turnover 

Recent studies have shown that Arg plays an important role in protein synthesis (Frank 

et al., 2007; Corl et al., 2008).  One study has shown increasing plasma levels of Arg in milk-

fed piglets through dietary Arg supplementation increased protein accretion in skeletal 

muscle and the whole body (Kim and Wu, 2004).  Metabolic activation of endogenous Arg 

synthesis also enhanced protein accretion in skeletal muscle (Wu et al., 2004b).  Further 

studies have shown effects of Arg supplementation on muscle protein mass accrued has a 

greater extent than the increase in protein synthesis (Frank et al., 2007).  This suggests a 

possible role for Arg in regulating muscle protein degradation in neonatal pigs (Wu, 2009). 
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Notably, Arg activates the mammalian target of rapamycin (mTOR; a serine/threonine 

protein kinase) and other kinase-mediated signaling pathways that regulate protein synthesis 

in intestinal epithelial cells of pigs (Ban et al., 2004; Rhoads et al., 2004; Corl et al., 2008; 

Rhoads et al., 2008).  By stimulating the mTOR pathway and enhancing cell migration, 

supplementation of Arg had potential beneficial effects on intestinal integrity in neonates 

(Wu et al., 2004b).  Under viral infection and malnutrition, supplementation of Arg also 

improves protein synthesis, which is critical for survival (Ban et al., 2004; Rhoads et al., 

2004; Corl et al., 2008).  In severe piglet rotavirus enteritis, Rhoads et al (2008) has shown 

jejunal protein synthetic rate was increased by addition of Arg, along with a 4-fold increase 

in jejunal p70(s6k) phosphorylation.  In a subsequent study, Arg supplemented at a relatively 

low dose of 0.4 g/kg per day to piglets consuming milk also improved intestinal p70(s6k) 

phosphorylation over the entire villus.  Although Arg showed no beneficial effect on the viral 

infection, it did increase intestinal protein synthesis by p70(s6k) stimulation.  

Immune function 

Arginine plays an important role in the immune system.  Data from De Jonge et al 

(2002) showed that deficiency of Arg leads to reduction of the number and size of B 

lymphocytes in peripheral lymph organs and Peyer’s patches.  Also, the serum IgM level was 

decreased.  This detrimental impact on B lymphocyte proliferation could be traced to an 

impaired transition of the pro-B cell to pre-B cell stage in the bone marrow (de Jonge et al., 

2002).  De Jonge et al (2002) also noted that this effect is dependent on Arg level not nitric 

oxide or other metabolites of Arg.  This indicates Arg exerts a direct effect on B lymphocytes 

which mediates immune function.  Therefore, it is proposed under certain condition such as 
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injury, dietary supplementation of Arg may have a positive effect on B cell proliferation and 

health status of the organism.  

Arginine is also required for maximal T lymphocyte proliferation (Ochoa et al., 2001).  

Arginine availability also modulates T cell gene expression and function (Rodriguez et al., 

2003).  Activation of macrophages by interleukin-4 and interleukin-13 up-regulated arginase 

I and cationic AA transporter II, leading to a rapid reduction of extracellular levels of Arg 

which in turn decreased CD3ξ chain expression on T lymphocytes (Rodriguez et al., 2003). 

CD3ξ chain is a transmembrane chain link to T cell receptor and exerts an important role in 

antigen recognition and proliferation of T cell (Rodriguez et al., 2003).  Decreased 

extracellular Arg causes impaired antigen recognition and lymphocyte proliferation (Ochoa 

et al., 2001). 

In macrophage and neutrophil cell, Arg level is critical for the activation of cytotoxic 

effect (Hibbs et al., 1987).  Nitric oxide produced by inducible nitric oxide synthase in 

macrophage cell is a free radical and has been shown as the effector cytotoxic molecule 

responsible for macrophage cell mediated cytotoxicity (Hibbs et al., 1987).  The conversion 

of Arg to nitric oxide is considered as a key mechanism for mammal, bird, and terrestrial 

animal to react against bacteria, virus, fungi, and protozoa (Wu, 2009).  

Gaseous signaling and embryonic development 

Besides cytotoxic effect, nitric oxide is also a gaseous signaling molecule that is 

essential to embryo implantation, development, as well as the placental growth and 

angiogenesis (Zeng et al., 2008; Wu et al., 2009).  Studies have shown nitric oxide synthesis 

and polyamine concentrations in the conceptus were increased dramatically during early 
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gestation when placental growth is most rapid (Kwon et al., 2003; Kwon et al., 2004). 

Similarly, concentrations of Arg increased in uterine fluids between days 10 and 15 of 

gestation along with increased expression of AA transporters in the conceptus (Gao et al., 

2009a; Gao et al., 2009b).  This suggests Arg may be an important factor to support the 

embryonic, placental, and fetal growth and development during pregnancy (Martin et al., 

2003; Wu et al., 2004a). 

In support of this notion, a recent study has shown dietary supplementation with 0.83% 

Arg between day 30 of gestation and parturition in the diets of sows increased the number 

and total litter weight of liveborn piglets by 2 and 24%, respectively (Mateo et al., 2007).  

Additionally, Zeng et al. (2008) reported that dietary supplementation of Arg during early or 

mid-gestation enhanced embryonic survival and litter size of rats.  Feeding an Arg free diet to 

pregnant rats resulted in increased fetal resorptions, incidence of intrauterine growth 

retardation, and decreased number of live fetuses in association with inhibiting NO synthesis 

(Greenberg et al., 1997).  In contrast, intravenous administration of Arg enhanced fetal 

growth in ovine models of intrauterine growth retardation (Lassala et al., 2010).  

Lactation performance  

Although Arg was not considered as an EAA for healthy adult humans or livestock 

species (Flynn et al., 2002), it has been shown dietary supplementation of Arg had beneficial 

effects on lactation performance of animals via increasing nitric oxide availability (Mateo et 

al., 2007; Wu et al., 2007).  Nitric oxide plays an important role in regulating blood flow of 

animals via a cGMP-dependent pathway (Rees et al., 1989).  A short-term (6 h) arterial 

infusion of a NO donor (diethylamine NONOate) to mammary glands of 50-70 kg goats has 
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demonstrated a remarkably increased rate of blood flow by 250% (Lacasse and Prosser, 

2003).  Mateo et al. (2008) reported that dietary supplementation of 0.83% Arg to 

primiparous sows enhanced litter weight gain and milk production by 21% in the first week 

of lactation and by 11% during a 21-day suckling period.  Interestingly, the increase of daily 

weight gain of low-birth-weight piglets (40%) had a greater extent than that of normal-birth-

weight piglets (15%).  

Glutamine 

Glutamine, an abundant AA in the body, has traditionally been viewed as a 

nutritionally nonessential.  However, studies that demonstrated Gln as the primary metabolic 

fuel of the small intestine, greatly surpassing glucose and fatty acids raise questions about the 

functional application of Gln in the body (Windmueller and Spaeth, 1978, 1980).  Gln has 

been shown to participate in many key metabolic processes, such as protein synthesis and 

degradation, gluconeogenesis, nucleic acid biosynthesis, and the immune response (Wu, 

2009).  Now, it is proposed that Gln was not only desirable, but was also necessary for 

maximal function of the intestine.  Glutamine may be a conditionally essential nutrient under 

stress conditions, such as infection, injury, and weaning (Wang et al., 2008). 

Protein synthesis 

Studies have shown under various catabolic conditions (e.g., injury, sepsis, and 

lactation) intramuscular levels of Gln decreased remarkably associated with negative protein 

balance in skeletal muscle (Curthoys and Watford, 1995).  Those results suggested a possible 

link between Gln and protein turnover.  In vitro findings provide evidence that the level of 
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Gln plays a beneficial role to regulate muscle protein turnover.  Notably, infusion of Gln to 

the rat skeletal muscle increased protein synthesis (MacLennan et al., 1987) and inhibited 

protein breakdown (MacLennan et al., 1988).  Moreover, in incubated skeletal muscle 

isolated from young chicks increasing concentrations of Gln from 1 mM to 15 mM dose 

dependently increased protein synthesis and decreased protein degradation (Wu and 

Thompson, 1990).  A recent in vivo study also demonstrated that there was a positive 

relationship between Gln and muscle protein synthesis in chickens (Watford and Wu, 2005).  

The underlying mechanisms are not clear, but may involve the mTOR signaling events (Xia 

et al., 2003). 

Gut function 

A number of studies over the past 15 years have shown that Gln supplementation 

benefit gut health and weight gain of piglet at weaning (Wu et al., 1996; Wang et al., 2008; 

Haynes et al., 2009).  As a major energy substrate for intestinal cell, Gln plays an important 

role in supporting gut function and mucosal integrity (Wu et al., 1996).  Dietary 

supplementation of Gln decreases the susceptibility of enterocytes apoptosis, while 

enhancing anti-oxidative function and cell proliferation in the small intestine (Domeneghini 

et al., 2006; Wang et al., 2008), whereas animals receiving intravenous infusion of 

glutaminase developed diarrhea, mild villous atrophy, mucosal ulcerations, and intestinal 

necrosis (Baskerville et al., 1980).  Additionally, dietary Gln supplementation had beneficial 

effects on preventing intestinal atrophy in early weaned pigs (Wu et al., 1996).  Gln 

supplementation prevented jejunal atrophy in early-weaned piglets during the first week 

postweaning and improved growth performance during the following week.  Studies have 
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shown prolonged use of total parenteral nutrition can impair the gut epithelial integrity 

(Thomas et al., 2005).  However, supplementation of Gln to total parenteral nutrition 

maintained the height of intestinal villi, the thickness of mucus and the thickness of the 

intestinal wall in rats (Burke et al., 1989).  Besides, Gln stimulates protein synthesis and 

inhibits proteolysis in the small intestinal mucosa (Coeffier et al., 2003a).  Those results 

further demonstrated dietary supplementation of Gln can prevent intestinal dysfunction and 

atrophy, modify the structural patterns of gut mucosa, improve secretion, absorptions as well 

as the defensive function of the gut of weaning piglets (Wu et al., 1996; Domeneghini et al., 

2006).  

Immune function 

As a major energy substrate for cells of the immune system (Newsholme et al., 1999), 

Gln has been described to affect immune function in animal models (Lin et al., 1999).  Gln 

plays a key role in the proliferation of lymphocytes in response to mitogens and protein 

kinase C (Parry-Billings et al., 1990; Wu et al., 1992).  The proliferation of lymphocyte was 

dose dependently increased by increasing extracellular concentrations of Gln from 0.01 to 

0.5mM (Wu et al., 1992).  Glutamine also enhances the phagocytic activity of macrophages 

(Parry-Billings et al., 1990). 

Glutamine has been described to modulate the production of cytokines in different 

models (Ameho et al., 1997; Lin et al., 2001).  On one hand, Gln is critical for the production 

of cytokines by immune cells.  A sufficient supply of Gln (e.g. 2mM) is essential for the 

maximal production of cytokines interleukin-6 and interleukin-8 by human monocytes 

(Coeffier et al., 2001).  One the other hand, studies have demonstrated that Gln reduced the 
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secretion of inflammatory cytokines.  Studies have shown that increasing concentrations of 

Gln from 0.5 to 10mM decreased the in vitro production of the pro-inflammatory cytokines, 

interleukin-6 and interleukin-8, and increased the production of the anti-inflammatory 

cytokine, interleukin-10, by human gut mucosa during experimental stimulation of the 

inflammatory response (Coeffier et al., 2001; Coeffier et al., 2003b).  In a rat model of 

intestinal trauma, Gln administration following injury reduced gut damage associated with 

decreased intestinal inflammatory cytokine expression (Chen et al., 2008).  

Lactation performance 

During lactation, animals are under a mildly catabolic state accompanied by a decrease 

in Gln pools and a loss of lean body mass (Manso Filho et al., 2008).  It is well accepted that 

during lactation the requirement of Gln is greatly increased for providing milk Gln as well as 

for fuel of enlarged small intestine.  It has usually been supposed that extra dietary AA 

consumed during lactation can easily meet this additional demand of Gln from de novo 

synthesis (Okine et al., 1995).  However, recent studies suggest that dietary AA is 

insufficient to meet this increased demand, and that additional substrates from body lean 

mass is required to provide the Gln (Manso Filho et al., 2008).  Therefore, it is proposed that 

dietary Gln supplementation can alleviate the fall in intramuscular Gln content and exert 

beneficial effects on performance of lactating animals.  Notably, a recent study with gilt 

demonstrated this beneficial effect of Gln on lactation animals, by reducing tissue catabolism 

(Manso et al., 2012).  In addition to sparing the lean body mass of the sow, supplementation 

of Gln also resulted in an increase in milk Gln. 



 

 

13 

 

The beneficial effects of Gln on pig have been shown in sucking piglets as well.  Oral 

supplementation of glutamine at 3.42 mmol/kg twice daily has shown to improve intestinal 

function and growth performance of suckling piglets (Haynes et al., 2009).  It is suggested 

maternal milk does not usually contain optimal amounts of Gln, which means Gln is 

conditionally essential for sucking piglet (Haynes et al., 2009).  The provision of exogenous 

Gln may be beneficial to suckling piglets.  However, the results of improving performance of 

sucking piglet were not consistent.  Manso et al. (2012) reported supplemental glutamine did 

not change litter size or piglet weight at birth or weaning.  

Leucine 

Leucine, as an EAA that incorporated in protein, serves as a signal to activate protein 

synthesis process of cell via activation of intracellular signal transduction pathways (Sans et 

al., 2006).  Leucine was first shown to stimulate protein synthesis and inhibit protein 

degradation in incubated skeletal muscle over 30 years ago (Tischler et al., 1982).  Since 

then, extensive In vivo studies have been conducted to explore the role of Leu in intracellular 

protein turnover.  In vivo experiments identified that increased plasma levels of Leu, but not 

in Ile or Val, through oral administration or dietary supplementation increased muscle protein 

synthesis in young rats and neonatal pigs (Escobar et al., 2005).  Furthermore, extensive 

research using molecular technologies has revealed the signaling pathway of Leu activated 

protein synthesis (Escobar et al., 2010).  The leucine-induced stimulation of skeletal muscle 

protein synthesis involves signaling pathway of the mTOR.  The stimulation of the mTOR 

signaling pathway in muscle by Leu is similar to that which occurs with feeding, insulin, and 
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a balanced amino acid mixture.  Leu can also activate the mTOR signaling pathway in 

intestinal epithelial cells (Ban et al., 2004). 

Studies have shown that Leu can inhibit protein degradation (Tischler et al., 1982).  

Growing interest has focused on an important role of Leu in regulating intracellular 

proteolysis (Kadowaki and Kanazawa, 2003).  The mechanisms responsible for an inhibition 

of muscle protein degradation induced by Leu may involve α- ketoisocaproate, a 

transamination product of Leu (Tischler et al., 1982).  In addition in liver, Leu has been 

shown to inhibit autophage of protein, which is a major mechanism for the entry of proteins 

into the lysosome for their hydrolysis (Meijer and Dubbelhuis, 2004). 

Sulfur containing amino acid 

Methionine, Cys, Hcy, and Tau are 4 common sulfur containing AA (SAA) found in 

organisms (Figure 1).  Methionine and Cys is considered as the principal SAA when 

formulating a diet because they are incorporated into proteins.  Met is a nutritionally EAA.  

Cysteine is considered a conditional EAA because it can be synthesized from Met and Ser 

via transsulfuration.  Nutrition and metabolism of SAA have been studied extensively 

because of the metabolic complexity and biological significance.  Methionine is of great 

interest metabolically because of its role as a in methyl donor and its transsulfuration to Cys.  

Metabolism of Cys provides essential substrates, such as coenzyme A, and GSH, as well as 

Cys’s catabolic products Tau and inorganic sulfur.  Those products play key functional roles 

in the synthetic reactions, detoxification, antioxidative processes, osmotic regulation, and 

nervous system function (Stipanuk et al., 2002).  
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Taurine is one of the end products of SAA metabolism.  It is not incorporated into 

protein.  However, free Tau has the highest concentration in almost all cells.  It accounts for 

25%, 50%, 53%, and 19%, respectively, of this pool in liver, kidney, muscle, and brain 

(Brosnan and Brosnan, 2006).  It is remarkable not only because of its high concentrations in 

animal tissues but also the variety of functions that have been ascribed to it.   The possible 

function of Tau includes: conjugation of bile acids in the liver (Belli et al., 1987), 

maintenance of osmolarity (Timbrell et al., 1995), stabilization of membranes (Huxtable and 

Bressler, 1973), stimulation of sperm motility (Mrsny et al., 1979), and antiarrhythmic 

activity in the heart (Read and Welty, 1963).  Taurine has also been proposed to have 

antioxidative activity and act as a neurotransmitter (Brosnan and Brosnan, 2006).  

Protein synthesis and protection 

Methionine is the initiating AA in the synthesis of proteins.  However, the initiating 

Met residues can be removed.  It is apparent that this role of Met lies only in the initiation of 

translation.  Met is also incorporated in protein as a structure AA.  Most of Met in protein is 

found in interior hydrophobic core, because the hydrophobic nature of Met.  In some 

proteins, Met residues are also found in surface.  These Met residues are susceptible to 

oxidation to Met sulfoxide.  Interestingly, the oxidation of these Met residues has little effect 

on the function of proteins (Levine et al., 1996).  Studies have indicated that these Met 

residues as endogenous antioxidants can protect the functionality of proteins (Luo and 

Levine, 2009).  Cysteine is also incorporated in protein and plays a critical role in protein 

structure.  The ability to form inter and intra chain disulfide bonds with other cysteine 

residues makes Cys an important AA for protein folding.  Study has shown catabolism of 
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Met and Cys is quite restricted at low intakes of sulfur amino acids (Fukagawa et al., 1996).  

This indicates high priority of the protein synthesis role of Met and Cys in tissue. 

Anti-oxidative effect 

Sulfur containing AA is the most important substrate for antioxidative defense system 

of the organism.  Because of the relatively low electronegativity, the sulfur group in SAA can 

easily react with reactive oxygen species.  Further enzymatic and non-enzymatic reactions 

lead to the removal of reactive oxygen species on the sulfur group of SAA using the electrons 

from a thioredoxin.  This acts as a major way to eliminate reactive oxygen species.  

Methionine residues in protein are susceptible to oxidation to Met sulfoxide.  A variety 

of reactive oxygen species react readily with Met residues to form Met sulfoxide.  Then Met 

sulfoxide reductases catalyze a reduction of Met sulfoxide back to Met, consequently 

scavenging the reactive species (Luo and Levine, 2009).  This is an effective way to 

eliminate reactive oxygen species.  Studies have shown that Met is an efficient reactive 

oxygen species scavenger and serves as an important antioxidant under physiological 

condition (Levine et al., 1996).  Dietary Met supplementation at 100 mg/kg in rats resulted in 

reversal of oxidative stress (Patra et al., 2001).  

Interestingly, the oxidation of these Met residues has little effect on the function of 

proteins (Levine et al., 1996).  A study investigated the oxidative inactivation of a2-

macroglobulin has shown the antioxdative role of Met residue in protein in detail (Reddy et 

al., 1994).  In that study, oxidation of eight Met residues to Met sulfoxide but did not affect 

anti-proteinase activity of a2-macroglobulin.  However, continued treatment leads to 

oxidation of six additional residues of Met and of a single Trp residue.  The fractional loss of 
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the Trp residue results in the fractional inactivation of the a2-macroglobulin.  These results 

suggest oxidation of Met residues scavenges oxidants which could otherwise attack the AA 

residue that is essential to function.  Additionally, of all the oxidative modification of protein, 

only oxidation of Met and Cys residues can be repaired by reductase.  Indeed, most cells 

contain Met sulfoxide reductases, which catalyze a reduction of Met sulfoxide back to Met 

using the electron from a thioredoxin.  Therefore it has been proposed that Met residues serve 

as endogenous antioxidants in proteins (Kim and Gladyshev, 2007).  The schematic graph of 

cyclic oxidation and reduction of Met residues in protein is obtained from Kim and 

Gladyshev (2007) and presented in Figure 2. 

Cysteine serves as an antioxidant in the cell.  A series of studies have shown that Cys 

inhibited oxidative stress from copper (Lynch et al., 2000; Patterson et al., 2003).  Cysteine is 

also the rate limiting AA for intracellular GSH synthesis.  Glutathione is a ubiquitous 

antioxidant in cells synthesized from Cys.  Although GSH can be directly absorbed in small 

intestine, it is appear that majority of GSH in from de novo synthesis, which requires Glu, 

Cys, and Gly.  It is the major endogenous antioxidant produced by the cells.  It also helps to 

maintain levels of other exogenous antioxidants such as vitamins C and E in their reduced 

(active) forms.  Depletion of GSH results in increased susceptibility of cell to oxidative stress 

(Andersen, 2004).  In cells and tissue, more than 90% of the total GSH pool is in the reduced 

form (GSH) and less than 10% exists in the disulfide form (GSSG).  Reaction of GSH with 

oxidants converts it to glutathione disulfide (GSSG), scavenging the reactive oxygen species 

in cell.  Then GSSG is reduced to GSH by NADPH-dependent GSH reductase.  
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Taurine serves an antioxidant in the cell.  By scavenging reactive oxygen species, Tau 

has been shown to prevent changes in membrane permeability of oxidative injury (Gurer et 

al., 2001).  Tau maintains GSH levels and increases the levels and activity of GSH 

peroxidase, superoxide dismutase, and catalase (Ebrahim and Sakthisekarn, 1997).  A study 

that investigated the effect of Tau and oxidized fish oil on rat reveals that dietary Tau 

reduced the activity of asparatate transaminase, alkaline phosphatase and alanine 

transaminase in rat plasma.  This indicates liver injury caused by oxidized fish oil can be 

attenuated by Tau.  Further investigation showed the level of thiobarbituric acid reactive 

substrates (TBARS), an indicator of oxidative damage on lipid, was reduced and GSH was 

elevated by dietary Tau (Obrosova et al., 2001).  

Besides, S-adenosylmethionine, the activated form of Met, has shown antioxidant 

effects in kidney and liver tissue in several models of toxic damage (Gonzalez-Correa et al., 

1997; De La Cruz et al., 2000).  Studies with rats have also reported S-adenosylmethionine 

protects from the neuronal damage in rats after brain ischemia by inhibition of lipid 

peroxidation and increase of total GSH production (Kobayashi et al., 1990).  

Immune function 

The immune response has large demands on SAA.  During the immune response to 

infection and injury, a typical reaction is a loss of lean tissue, which is proposed as a way to 

provide AA to support the immune system.  An increase in nitrogen secretion under infection 

supported this theory.  Interestingly, study has shown the urinary excretion of sulfur 

increases to a lesser extent than that of nitrogen (Cuthbertson, 1931).  This suggests that 

sulfur compounds or SAA are preferentially retained.  Therefore, it has been proposed that 
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during the inflammatory response the requirements for SAA raises and SAA play an 

important role in immune function.  

Sulfur containing AA have a direct impact on immune function.  In children, the 

addition of whey protein (the milk protein richest in sulfur amino acids) shows beneficial 

effects on immune function and morbidity (Alexander and Cabana, 2010).  In patients with 

sepsis, N-acetyl Cys infusion increased blood GSH and shorten the number of days needed in 

intensive care in association with decreased plasma concentrations of interleukin-8 and 

soluble tumor necrosis factor receptors (Lappas et al., 2003).  Taurine plays a role in immune 

function.  In cats, where Tau is an essential nutrient, immune function seems to be impaired 

by depriving Tau (Grimble, 1994).  In the spleen and lymph nodes of cats suffering the 

deprival of Tau, depletion of mature and immature B-lymphocyte numbers were observed 

(Grimble, 1994).  Those changes were reversed by addition of Tau in the diets. Studies in 

other species have also reported the importance of Tau on immune function. In mice, 

administration of Tau enhanced the proliferative responses of T lymphocyte cell and 

prevented the decline in T cell number (Redmond et al., 1998).  Taurine has been shown to 

regulate the release of proinflammatory cytokines in hamsters, rats, and humans (Redmond et 

al., 1998). 

Metabolic products of SAA (e. g. GSH) also impact various functions of human 

immune system.  Glutathione has a pivotal role in protecting cells from oxidative damage 

during the immune response.  For example, rats injected with diethyl maleate, which 

irreversibly binds and inactivates GSH, shows lethal reaction to a sublethal dose of tumor 

necrosis factor (Zimmerman et al., 1989). This result indicates the importance of GSH in 
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protection from the adverse effects of the immune response.  Glutathione also supports T-cell 

proliferation.  A study measured the GSH content of lymphocytes in a group of healthy 

volunteers has reported that the numbers of helper (CD4) and cytotoxic (CD8) T cells 

increased in parallel with intracellular GSH concentrations (Kinscherf et al., 1994). 

Tryptophan 

Tryptophan is an EAA for animals.  Among the 20 AA that incorporated in protein, the 

amount of Trp is the lowest found in protein.  Although the average content in protein is low, 

Trp is one of few EAA that are commonly added in an animal’s diet because of the limited 

presence of Trp in raw materials used for diets formulated (Le Floc'h et al., 2011).  Notably, 

the economic cost of adding Trp is significant.  Thus, the dietary requirement of Trp for 

growth and protein accretion has been extensively studied (Ball and Bayley, 1984; Rosa et 

al., 2001; Guzik et al., 2005).  Because farm animals exhibit very high growth rates, it is 

thought that the main function of Trp is incorporated into body proteins.  Generally, the 

dietary level of Trp is recommended at 16 to 22% of Lys for pigs.  The NRC (2012) 

recommendation for standardized ileal digestible Trp requirement of pigs is 17-18% of Lys 

requirement.  Similar result has been verified by Guzik et al. (2005).  The recommended 

requirement of Trp in Europe (ARC, 1981) is slightly higher (19-21%) than the NRC (1998) 

recommendation with pigs.  

However, much less attention has been paid on the functional role of Trp, which may 

have potential benefits for animals and humans.  The metabolic diversity of Trp is rather 

complex compared with most of EAA.  Trp is the precursor for 5-HT, melatonin, kynurenine, 

kynurenic, xanthurenic acids and niacin, which all fulfill important biological function in 
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body.  Furthermore, Trp is known to play important biological roles via the metabolism of 

Trp within different tissues (Le Floc'h et al., 2011).  

Growth and appetite  

One of the most important physiological functions of Trp is for protein synthesis.  In 

animal nutrition, Trp requirement is mainly defined by the amount of Trp required to 

maximize protein synthesis.  It is estimated that average Trp protein content in the body is 

1.2 g out of 100 g of protein (Mahan and Shields, 1998).  This is much lower than other EAA 

such as Lys (7.6 g out of 100 g protein).  However, a moderate Trp deficiency is able to 

considerably reduce growth rate.  The detrimental effect of Trp deficiency on growth is not 

only caused by lack of substrate for protein synthesis but also by a reduction of appetite and 

feed intake, which is not a common response of other EAA (Henry et al., 1992; Zhang et al., 

2007).  In a recent study, Zhang et al. (2007) showed that Trp deficiency reduced ghrelin 

mRNA expression in the gut and ghrelin secretion in plasma.  Ghrelin has been linked to 

inducing appetite and feeding behaviors.  Notably, the correction of Trp deficiency increased 

feed intake together with a greater expression of ghrelin mRNA in the stomach and 

duodenum.  Thus, the importance of Trp on growth is not limited in its role as a component 

of tissue but also involving regulation of appetite.  

Serotonin  

Tryptophan serves as the precursor for 5-HT synthesis.  About 95% dietary Trp 

absorbed is metabolized through the kynurenine pathway, whereas less than 5% is 

metabolized through the methoxyindole pathway to generate 5-HT (Fernstrom and Wurtman, 



 

 

22 

 

1971).  The conversion of Trp to 5-HT only requires two steps: the conversion of Trp into 5-

hydroxytryptophan by Trp hydroxylase and the decarboxylation of 5-hydroxytryptophan into 

5-HT.  About 95% of 5-HT body content is present in the gut where it acts as a major 

neuromediator involved in motility and secretory mechanisms.  About 5% of 5-HT exists in 

the brain.  The cerebral neurotransmitter 5-HT plays a major role in the regulation of various 

behavioral and physiological processes such as mood (Markus et al., 2000), stress response 

(Adeola et al., 1993; Koopmans et al., 2005), activity (Koopmans et al., 2006), and 

aggressive behavior (Winberg et al., 2001).  A disturbed brain serotonergic function is a 

contributing factor in affective disorders, anxiety, aggression, and stress. 

Mood  

Studies provide evidence that 5-HT production in the brain is critical for mood states.  

Deficiency of Trp induces anxiety and depression-like behavior in rats (Blokland et al., 

2002), and increases anxiety and irritability in humans (Russo et al., 2003).  The increase of 

5-HT production in the brain as an antidepressant role of Trp is well documented (Shen et al., 

2012).  Beneficial effects of increased Trp levels are observed in patients with mild to 

moderate depression (Young and Leyton, 2002).  Moreover, clinical study has also shown the 

ability of Trp to improve the antidepressant action of MAO inhibitors (Thomson et al., 1982).  

Particularly, in a longitudinal study, Trp supplementation showed beneficial effects on 

depression, which was better than placebo and equivalent to amitriptyline (Thomson et al., 

1982).  However, these beneficial effects of Trp supplementation has limited benefit on 

patience with suboptimal central serotonergic function (Silber and Schmitt, 2010).  In healthy 

subjects, loading of Trp seems to have only minor or no effects on mood.  
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Behavior 

The 5-HT also plays a major role in social interactions and behavioral responses in 

human and domestic animals (Markus et al., 2000; Lepage et al., 2003).  One type of social 

interactions in which 5-HT is primarily believed to inhibit is aggressive behavior (Winberg et 

al., 2001).  In humans, administration of Trp to treat aggressive behavior has been evaluated 

(Volavka et al., 1990).  A reduction of aggressive responses was found with Trp 

supplemented groups, whereas Trp depleted groups showing the highest aggression. 

Different animal studies have also shown that dietary supplementation of Trp can 

reduce aggressiveness (Shea et al., 1990; Poletto et al., 2010).  Extensive studies on 

experimental and farm animals indicated the direct involvement of hypothalamic 5-HT on 

controlling aggressive behavior (Valzelli and Galateo, 1984; Eichelman, 1990).  Interestingly, 

studies conducted on monkeys have directly shown that increasing the 5-HT level in the 

brain promoted affiliation interactions and the acquisition of dominance, and reduced 

aggression (Raleigh et al., 1991).  Recently, Poletto et al. (2010) reported that high Trp diet 

reduced physical activity and aggressiveness of gilts through the brain serotonergic system.  

However, the reduction of aggressive behavior was not consistent observed by previous 

reports (Li et al., 2011; Shen et al., 2012).  Li et al. (2011) shown dietary supplementation of 

L-Trp (0.29%) at 2.3 times of the control amount for 3 days prior social stress did not 

effectively reduce the aggression of gestation sows at mixing.  Studies with rainbow trout 

have shown that dietary supplementation with L-Trp for 7 days before mixing results in an 

inhibition of aggressive behavior and reduce the secretion of stress hormones, whereas 3 days 

of L-Trp supplementation before mixing have no effects (Winberg et al., 2001; Lepage et al., 
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2003).  Therefore, more studies are required to fully understand the role and application of 

Trp for controlling aggressive behavior of animals (Koopmans et al., 2006). 

Stress 

Under stress, a typical response of animals would be stimulation of the hypothalamic-

pituitary-adrenal axis and increase of cortisol secretion (Coccaro, 1989).  Lapin and 

Oxenkrug (1969) originally hypothesized that cortisol secretion is negatively associated with 

5-HT when subjects are under stress.  They proposed that the decreased 5-HT concentration 

would increase the production of cortisol due to weakening negative feedback of 5-HT on 

amygdaloidal complex (Lapin and Oxenkrug, 1969).  This indicates 5-HT is critical to stress 

adaptation.  Studies have shown enhanced 5-HT activity help stress adaptation and 

subsequently decrease the cortisol secretion (Markus et al., 2000; Lepage et al., 2003).  The 

decrease of cortisol might be due to the alternation of the brain serotonergic signaling 

pathway (Lepage et al., 2003).  

Elevating Trp levels in the brain as an effective way to increase hypothalamic 5-HT has 

been tested as a nutritional strategy to control stress in humans and animals (Markus et al., 

1998; Li et al., 2006).  Previous studies indicate beneficial effects of dietary Trp 

supplementation on stress hormone secretion (Koopmans et al., 2005).  Markus et al. (2000) 

also reported that consumption of Trp-rich bovine protein α-lactalbumin reduced cortisol 

secretion and helped stress adaptation in stress vulnerable humans under experimental 

stressors.  Moreover, a carbohydrate-rich protein-poor diet has been reported to reduce 

cortisol secretion and promote stress adaptation through increasing the plasma ratio of 

Trp:large neutral amino acids (Markus et al., 2000).  
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Immune function 

There has been growing interest in the role of Trp catabolism on immune functions and 

animal health.  Quantitatively, the majority of Trp is catabolized through the complex 

kynurenine pathway.  About 95% of Trp is degraded into kynurenine.  The end products of 

kynuyrenine pathway include quinolinic acid, niacin, kynurenic and xanthurenic acid. There 

are two distinct enzymes catabolizing the first and rate limiting step of kynurenine pathway: 

tryptophan 2, 3-dioxygenase (TDO) and indoleamine 2, 3-dioxygenase (IDO).  The 

activation of TDO in liver is mainly responsible for the degradation of tryptophan at excess 

level, controls of tryptophan homeostasis, and preventing potential toxic accumulation of 

tryptophan in tissues (Le Floc'h et al., 2011), whereas IDO is widespread in numerous tissues 

and plays an important role in immune function of cell (Munn et al., 1998). 

Studies have demonstrated the depletion of Trp or increased kynurenine are common 

results of viral, bacterial and parasitic intracellular infections (Murray, 2003; Moreau et al., 

2005; Boasso et al., 2007).  Depletion of Trp and increased kynurenine may be an important 

function in controlling of microorganism proliferation.  In vitro models of T. gondii and S. 

aureus infections, lung cells were able to restrict the proliferation of microorganisms via Trp 

depletion by IDO (Heseler et al., 2008).  Local Trp depletion resulting from IDO activation 

in the micro-environment of microorganism results in an arrest of microbial biosynthesis, 

which is hypothesized as a way to control bacteria, virus and parasite proliferation 

(Pfefferkorn, 1984).  

There is also a progressive decline in plasma Trp and increase express of IDO during 

long-lasting immune activation such as inflammation (Wolf et al., 2004) and major trauma 
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(Pellegrin et al., 2005).  In a study with pigs, Melchior et al. (2004) found utilization of Trp 

was increased during chronic lung inflammation.  The catabolism of Trp during 

inflammation plays a critical role in the functions of macrophages and lymphocytes and may 

have a protective function on the host by regulating T cell activity (Melchior et al., 2004).  

The depletion of Trp in the cellular environment by IDO-expressed on macrophages results 

in inhibition of T cells proliferation at the G1 phase of the cellular cycle (Munn et al., 1999).  

Additionally, metabolites of Trp such as kynurenine, 3-hydroxyanthranilic acid and 

quinolinic acid can induce apoptosis of T cell by exerting cytotoxic properties (Fallarino et 

al., 2002).  More recently, orally ingestion of N-(3,4,-dimethoxycinnamoyl) anthranilic acid, 

a derivative of the Trp metabolite anthranilic acid, was able to protect paralyzed mice from 

experimental autoimmune encephalomyelitis (Platten et al., 2005).  Thus, there is growing 

evidence suggesting that depletion of Trp or increased kynurenine plays a role in immune 

responses by producing a local immunosuppressive environment and facilitates self-tolerance 

during inflammation (Platten et al., 2005). 

Clearly, Trp has important regulatory roles in immune function.  Animal studies 

indicated that dietary Trp influenced positively on the immune function. Oral administration 

of 300 mg of tryptophan to rats enhanced phagocytosis by macrophages and the innate 

immune response (Esteban et al., 2004).  Additionally, dietary loading of Trp has beneficial 

effects on inflammatory response and animal health. Pigs suffering from an experimentally 

induced lung inflammation had lower acute phase protein concentration when supplemented 

with Trp in the diet (Le Floc'h et al., 2008).  In a porcine model of induced colitis, Kim et al. 

(2010) demonstrated a clear reduction of colitis symptoms in association with down-
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regulating inflammation and restoring local immune response by a moderate tryptophan 

loading.  It is hypothesize tryptophan itself or some of its metabolites with antioxidant 

properties may exert an anti-inflammatory effect when a large load of Trp is provided (Kim 

et al., 2010).  However, the potential use of crystalline Trp for animal health management is 

not fully developed. The recommendations on Trp supplementation for immune function 

should be done with caution.  

Anti-oxidative effect 

Tryptophan has antioxidative effects against oxidative stress (Paredes et al., 2009; 

Bitzer-Quintero et al., 2010).  Oral administration of L-Trp promotes free radical scavenging 

activity, enhances superoxide dismutase activity, and reduces lipid peroxidation (Paredes et 

al., 2009).  In rats, Bitzer-Quintero et al. (2010) showed that Trp supplementation at twice of 

the daily requirement reduced tissue lipid peroxidation.  

Metabolites of L-Trp such as melatonin, 3-hydroxykynurine, and 3-hydroxyanthranilic 

acid are shown to be antioxidants.  Melatonin is a metabolite of 5-HT through the 

methoxyindole pathway in the pineal gland.  Melatonin has direct scavenging actions against 

free radicals (Tan et al., 2007) and indirect effects on antioxidant enzymes such as superoxide 

dismutase (Reiter et al., 2008).  The metabolites of kynurenine pathway such as 3-

hydroxykynurenine and 3-hydroxyanthranilic acid are also strong antioxidants (Christen et 

al., 1990).  Some researchers reported that 3-hydroxykynurine and 3-hydroxyanthranilic acid 

could protect low density lipoprotein from lipid peroxidation by regenerating α-tocopherol 

through their powerful peroxyl radical scavenging function (Christen et al., 1990). 
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Scope of current research 

It is widely acknowledged that besides their role as building blocks of proteins, some 

AA play key regulatory roles in metabolic pathways that may benefit growth, development, 

and health status of organisms.  A growing body of literature has led to the recognition of the 

beneficial effect of dietary supplementation of these functional AA in animal diets.  

However, due to the high cost and limited availability issue, the application of functional AA 

in the animal industry has long been limited.  

Recently, increasing costs of bulk ingredients in animal industry has led to a growing 

investment in animal health, which has expanded the opportunity to utilize functional AA.  

Among the functional AA, Met and Trp as EAA that are currently widely used in the animal 

industry.  With the improvement of fermentation technology, the cost of Met and Trp are 

decreasing.  Application of the functional role of Met and Trp seems to be promising in 

animal industry in future.  However, there are limit number of studies on farm animals that 

have evaluated the functional role and potential application of Met and Trp.  Therefore, the 

objective of this dissertation is to evaluate the biological functions of L-Trp and L-Met and 

more importantly to investigate how to apply those biological functions to help improve 

growth, development, health status, and welfare of animals.   
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Table 1. Essential amino acid (EAA) and non-essential amino acid (NEAA) in mammals and 

poultry 

Mammals  Poultry 

EAA NEAA  EAA NEAA 

Histidine Alanine  Arginine Alanine 

Isoleucine Asparagine  Glycine Asparagine 

Leucine Arginine
1
  Histidine Aspartate 

Lysine Aspartate  Isoleucine Cysteine 

Methionine Cysteine  Leucine Glutamate 

Phenylalanine Glutamate  Lysine Glutamine 

Threonine Glutamine  Methionine Serine 

Tryptophan Glycine  Phenylalanine Taurine 

Valine Proline  Proline Tyrosine 

 Serine  Threonine  

 Taurine
1
  Tryptophan  

 Tyrosine  Valine  

1
EAA for cats 
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Figure 1.  Surful amino acid metabolism 
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Figure 2. The schematic graph of cyclic oxidation and reduction of Met residues in protein 

(adapted from Kim and Gladyshev, 2007)
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CHAPTER 2 

EFFECTS OF INCREASING TRYPTOPHAN INTAKE ON GROWTH AND 

PHYSIOLOGICAL CHANGES IN NURSERY PIGS 
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Abstract: Tryptophan as a precursor of serotonin (5-Hydroxytryptamine, 5-HT) has long 

been used to extenuate aggressive behavior and control stress of humans as well as several 

farm animals.  The aim of this study was to determine the effect of supplemental L-

Tryptophan (L-Trp) on growth, cerebral 5-HT concentration, stress hormone concentration, 

oxidative stress status, and behavior response of pigs under social stress and also to 

determine an optimal daily total Trp intake that would benefit nursery pigs.  Seventy two 

individually housed barrows at 6 wk of age were randomly allotted to 6 treatments 

representing supplementation of 0, 2, 4, 6, 8, or 10 g L-Trp/kg to a corn and soybean meal-

based feedstuffs containing 1.9 g L-Trp/kg.  Pigs were fed assigned feedstuffs for 15 d.  

Body weight was measured on d 0, 5, 10, and 15.  Saliva and blood were collected on d 5, 10, 

and 15. On d 5 and 10, all 12 pigs in each treatment were paired in 6 new pens to record 

behavior for a 2-d period and then returned to their original individual pens.  On d 15, pigs 

were killed to obtain the hypothalamus.  During the first 5 d, ADG and G:F increased (linear, 

P < 0.01 and P < 0.01, respectively) with increasing supplemental L-Trp.  During the entire 

15 d, ADG and G:F ratio increased (linear, P = 0.01 and P < 0.01, respectively) with 

increasing supplemental L-Trp.  Estimates of the daily total Trp intake based on ADG on d 

15 were 10.8 g/d (P < 0.01; R
2
 = 0.16) using a 1-slope broken-line analysis.  Hypothalamic 

5-HT and 5-hydroxyindoleacetic acid increased (linear, P < 0.01 and P = 0.03, respectively) 

with increasing supplemental L-Trp.  Malonedialdehyde in plasma and hypothalamus, as well 

as salivary cortisol, on d 15 decreased (linear, P = 0.01, P < 0.01, and P < 0.01, respectively) 

with increasing supplemental L-Trp.  Plasma urea nitrogen decreased (linear, P < 0.01) with 

increasing supplemental L-Trp.  Increasing supplemental L-Trp affected pig behaviors during 
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the first 2-d observation period by decreasing (quadratic, P = 0.04) lying, decreasing (linear, 

P = 0.04) sitting, and increasing (linear, P = 0.02) drinking.  Overall, supplementation of L-

Trp improved growth performance of 6 wk old nursery pigs in association with increasing 

hypothalamic 5-HT production, reducing stress hormone concentrations, decreasing lipid 

peroxidation, increasing drinking, and reducing sitting and lying. Increase in BW gain was 

maximal when daily total Trp intake was 10.8 g. 

KEY WORDS: growth, nursery pigs, serotonin, stress, tryptophan 
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Introduction 

Stress can be triggered by both external and internal biological changes such as diet, 

environment, infection, and psychological events (Tsigos and Chrousos, 2002). For pigs, 

there are numerous stress factors during the nursery period as pigs are physically separated 

from their dams and adapting to a new environment because of changing feed and pen mates 

(Meese and Ewbank, 1973; Otten et al., 1997; Pluske et al., 1997).  These stressors can 

negatively affect growth, feed intake, feed efficiency, immune response, behavior, and 

welfare (Ekkel et al., 1997; Jensen and Yngvesson, 1998; Ruis et al., 2000; Guerra et al., 

2003).  Brain serotonergic system reacts to stress factors (Mason, 1968; Henry and Meehan, 

1981; Deakin and Graeff, 1991; Chaouloff, 1993; Bagdy, 1996; Graeff et al., 1996; Lepage et 

al., 2005).  Increases of serotonin (5-Hydroxytryptamine, 5-HT) turnover in the brain, as a 

consequence of stress (Chaouloff, 1993; Bagdy, 1996; Lepage et al., 2005), improves 

adaptability to the stress (Mason, 1968; Henry and Meehan, 1981; Deakin and Graeff, 1991; 

Graeff et al., 1996).  

Tryptophan (Trp) is an indispensable amino acid for animals. It serves as the precursor 

for 5-HT synthesis.  The cerebral neurotransmitter 5-HT has a major role in regulating 

behavioral and physiological processes such as appetite (Zhang et al., 2007), mood (Markus 

et al., 2000), stress hormone secretion (Adeola et al., 1993; Lepage et al., 2003; Koopmans et 

al., 2005), immunity (Melchior et al., 2004; Le Floc’h et al., 2009), activity (Koopmans et al., 

2006; Poletto et al., 2010), and aggressive behavior (Cortamira et al., 1991).  Because Trp 

can cross blood brain barrier, an elevated intake of Trp can lead to increased Trp 

concentration in blood and brain, resulting in enhanced 5-HT signaling (Fernstrom and 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T1J-3WF81YJ-G&_user=290868&_coverDate=04%2F29%2F1999&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_rerunOrigin=scholar.google&_acct=C000015398&_version=1&_urlVersion=0&_userid=290868&md5=e61b9b479897d4ea45b775d80ef8b60e&searchtype=a#bb28
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T1J-3WF81YJ-G&_user=290868&_coverDate=04%2F29%2F1999&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_rerunOrigin=scholar.google&_acct=C000015398&_version=1&_urlVersion=0&_userid=290868&md5=e61b9b479897d4ea45b775d80ef8b60e&searchtype=a#bb28


 

 

54 

 

Wurtman, 1971; Meunier-Salaün et al., 1991).  Thus, elevating Trp intake has been tested as 

a nutritional strategy to control stress in humans (Markus et al., 1998; Attenburrow et al., 

2003).   

Previous studies indicate positive effects of dietary Trp supplementation on behavior of 

farm animals by reducing aggressiveness and stress responses (Savory et al., 1999; 

Koopmans et al., 2005; Poletto et al., 2010).  However, previous studies have mainly 

investigated a single quantity of supplementation of L-tryptophan (L-Trp) between 0.5 and 

5.0 g/kg, rather than a dose-response.  This study was designed to test the hypothesis that 

dietary L-Trp supplementation affects behavior and stress of pigs and also to determine the 

amount of daily total Trp intake that would stimulate maximum growth performance with 

concomitant changes in affecting cerebral 5-HT concentration, stress hormone concentration, 

systemic oxidative status, and behavior of nursery pigs. 

Materials and Methods 

Animal  

The experimental protocol was approved by North Carolina State University Animal 

Care and Use Committee.  Seventy two individually housed crossbred barrows (11.99 ± 0.21 

kg) from 12 litters at 6 wk of age (3 wk post-weaning) were randomly allotted to 6 dietary 

treatments.  Six barrow littermates from each of 12 litters were randomly assigned (within 

litter) to 6 dietary treatments.  Thus, 12 pigs in each treatment were from different litter 

origins.  Six dietary treatments were different supplemental quantities of L-Trp (0, 2, 4, 6, 8, 

and 10 g/kg) to a corn and soybean meal basal diet containing 1.9 g L-Trp/kg.  Various 

amounts of L-Alanine (L-Ala) were added to treatments to formulate isonitrogenous diets.  
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L-Ala was chosen because it is neither toxic nor having biology function but is extensively 

catabolized and L-Ala has been used as a non-specific nitrogen source in other studies (Kim 

et al., 2004; Wu et al., 2004; Mateo et al., 2007 and 2008).  The dietary composition is 

summarized in Table 1.  Pens (1.73 x 0.83 m) with metal screen floor were equipped with 1 

nipple drinker and 1 two-hole self-feeder.  Pigs were fed the diets for 15 d. Pigs had free 

access to water and diets.  On d 5, pigs with similar body weights within a treatment were 

paired and placed together in a new pen (1.73 x 0.83 m; same type of pen) for a 2-d of 

behavioral measurement.  Thus, pigs paired were from different litter origins.  There were 6 

pens per treatment for the behavioral measurements.  Pigs were returned to the original pens 

and housed individually for a 3-d feeding period (from d 7 to 10).  On d 10, pigs were paired 

again with a new mate with similar BW within a treatment and placed together in a new pen 

for another 2-d of behavioral measurement (from d 10 to 12).  After the second 2-d 

behavioral measurement, pigs were returned to the original pens and housed individually for 

a 3-d feeding period (from d 12 to 15).  Body weights and feeder weights were recorded on d 

0, 5, 7, 10, 12, and 15 for computation of growth performance.  

Sample Collection and Processing 

 Blood samples (7 mL) were collected via jugular vein from all pigs on d 5 and 10 

immediately prior to the behavior testing (0700 to 0800 h) as well as on d 15 (0700 to 0800 

h).  Blood was collected in vacutainers (BD, Franklin Lakes, NJ) containing EDTA.  Plasma 

was obtained by centrifugation (1,500 × g at 4°C for 10 min) and frozen at -80°C until 

analyzed for concentrations of malonedialdehyde (MDA) and plasma urea nitrogen (PUN). 

Platelet free plasma (PFP) was obtained by centrifuging blood at 200 × g at 4°C for 10 min 
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to obtain platelet rich plasma and then centrifuging platelet rich plasma at 10,000 × g at 4°C 

for 2 min.  The PFP was used to measure concentrations of 5-HT and 5-hydroxyacetic acid 

(5-HIAA).  Saliva was collected from all pigs using cotton gauze on d 5, 10, and 15 before 

collecting blood (0630 to 0700 h) to measure salivary cortisol.  Pigs were introduced and 

trained with cotton gauze in the beginning of this experiment to ensure the collection 

procedure for saliva during experiment period would not disturb pigs’ stress condition.  

Cotton gauze chewed by a pig approximately 1 min was used to collect saliva.  Gauzes were 

then placed in tubes on ice until centrifugation at 1,500 × g at 4°C for 10 min to separate 

saliva from gauze.  Saliva samples were stored in -80
o
C until analysis.  All pigs were killed 

by electrocution on d 15.  The brain was quickly removed, and the hypothalamus was 

dissected and frozen in liquid nitrogen then stored in -80°C.  After thawing, the 

hypothalamus (0.5 g) was weighted and homogenized (Tissuemiser, Thermo Fisher Scientific 

Inc., Rockford, IL) on ice, using 1 mL of buffer containing 25 mM Tris–HCl, pH 7.4, 1 mM 

EDTA, and 1 mM ethylene glycol tetraacetic acid.  The homogenate was centrifuged at 

15,000 x g at 4°C for 30 min.  The supernatant was used to determine concentrations of 5-

HT, 5-HIAA, and protein. 

Serotonin and 5-Hydroxyindoleacetic Acid 

Concentrations of 5-HT and 5-HIAA in the hypothalamus and PFP were determined 

using commercial ELISA kits (IBL, Hamburg, Germany) as previously described (Bethea et 

al., 2003).  The 5-HT was first acylated to N-acylserotonin with the acylation reagent. Then 

the assay procedure follows the basic principle of competitive ELISA.  There is competition 

between a biotinylated and a non-biotinylated antigen for a fixed number of antibody binding 
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sites. The amount of biotinylated antigen bound to the antibody is inversely proportional to 

the concentration of 5-HT. The antibody bound biotinylated antigen is determined by use of 

streptavidine alkaline phosphatase as marker and p-nitrophenyl phosphate as substrate. 

Quantification of unknowns is achieved by comparing the enzymatic activity of unknowns 

with a response curve prepared by using known standards. All samples were tested in 

duplicate. Intra and inter assay CV for 5-HT were 3.8 and 6.0%, respectively. Intra and inter 

assay CV for 5-HIAA were 4.8 and 5.7%, respectively.  Concentrations of 5-HT and 5-HIAA 

in PFP were expressed as ng/mL, whereas ng/mg hypothalamic protein was used for 

hypothalamic 5-HT and 5-HIAA.  

Hypothalamic Protein Assay  

Concentration of protein in hypothalamic tissue extract was measured using a 

commercial kit (Thermo Fisher Scientific Inc., Rockford, IL). Firstly, protein reduced the 

Cu
+2

 to Cu
+1 

in an alkaline medium (the biuret reaction).  Then cuprous cation (Cu
+1

) reacts 

with a unique reagent containing bicinchoninic acid. The colorimetric detection at 562nm of 

the chelation of two molecules of bicinchoninic acid with one Cu
+1 

would show the 

concentration of protein compared with a standard bovine serum albumin. Bovine serum 

albumin standards were prepared in 0.1 M perchloric acid.  The standard and samples (10 

µL) were added to 200 µL bicinchoninic acid working reagent, prepared as the 

manufacturer’s instruction, in duplicate in a 96-well plate and then incubated at 37°C for 40 

min.  Absorbance was read on a plate reader (Synergy™ HT Multi-Mode Microplate Reader, 

Bio-Tek Instruments, Inc., Winooski, VT) at 562 nm.  Concentration of protein in each 

sample was calculated using a regression equation originated from absorbance and 
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concentration of standard we measured. 

Salivary Cortisol 

Cortisol concentrations in saliva were determined using a commercial RIA kit 

(Diagnostic Products Corp., Los Angeles, CA) modified for pig (Hicks et al., 1998).  All 

samples were tested in duplicate. Intra and inter assay CV were 4.0 and 4.0%, respectively.  

Malonedialdehyde 

Plasma and hypothalamic extract MDA was measured as an index of systemic lipid 

peroxidation and was determined using a commercial ELISA kit (Cell Biolabs, San Diego, 

CA) according to manufacturer's instruction.  All samples were tested in duplicate. Plasma 

MDA was expressed as µM, whereas hypothalamic MDA level was expressed as µmol/g 

hypothalamic protein.  

Plasma Urea Nitrogen 

Plasma urea nitrogen was determined using a urea N kit (Stanbio Laboratory, Boeme, 

TX), which allowed for direct measurement of urea using the method of Sampson et al. 

(1980).   The assay utilizes urease, a metabolic enzyme, to release ammonia from urea.  The 

ammonia produced from the urea is then directly detected by a colorimetric chemical 

reaction.  The range of detection is 0 to 400 µg/mL. All samples were tested in duplicate. 

Intra and inter assay CV were 2.6 and 3.0%, respectively. 

Physical Activity and Aggressive Behavior Measurement 

To evaluate the effect of L-Trp on behavior, pigs’ behavior was recorded right after 
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mixing of 2 pigs that had been previously housed individually.  Pigs paired were from 

different litter origins and housed in a new pen.  Behavior of each pig was continuously 

recorded for 12 h (0800 to 2000 h) in real time with 12 frame/s rate using a ceiling-mounted 

circuit-closed television camera (Q-See QD28414C4, Digital Peripheral Solutions Inc., 

Anaheim, CA) that connected to a digital video recorder (Q-See QSDT8DP, Digital 

Peripheral Solutions Inc.) during each day of a 2-d observation period, giving a total of 2 × 

12 h behavior recordings for each observation period.  A previously trained observer watched 

all recorded videos.  Pigs were identified by colored marks with different shapes on their 

back.  Data were analyzed by classifying behavior into lying, standing, sitting, eating, and 

drinking.  An instantaneous scan-sampling method with 1 min-intervals was used to 

determine percentage of time spent on various behaviors for every other hour from 0800 to 

2200 h during 2-d observation period as described in Bolhuis et al. (2010).  During each 2-d 

observation period, therefore, each pig was observed for a total of 720 times (720 scans).  

Aggressive behavior is a part of standing and defined as agonistic interactions between pigs.  

Aggressive behavior was further divided into fighting and aggression.  Fighting includes 

parallel pressing, inverse parallel pressing, and mutual bite which are intensive aggressive 

social interactions between pigs.  Fighting occurs during first few hours after mixing which is 

decisive for order of dominance (D’Eath, 2002; Li et al., 2006).  Aggression, however, 

includes biting, knocking, and levering which are defined as one-sided aggressive behavior 

that one pig acts on the other pig (Rushen, 1987; D’Eath, 2002).  To assess aggressive 

behavior, the video data were analyzed by a previously trained observer.  Aggressive 

behavior was measured for 6 h from 0800 to 1400 h during the first day of observation.  
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Number and total duration of fighting (parallel pressing, inverse parallel pressing, and mutual 

bite) and number of aggression (biting, knocking, and levering) observed were recorded as 

described in D’Eath (2002).  Total duration of aggression was not able to be measured 

because these behaviors occur instantly without measurable duration.   

“Lying” is recumbence of the pig on its belly or side.  The definition of “Standing” is 

that the pig is upright with all feet on the ground.  The pig can be stationary or moving 

around, but excluding eating and drinking.  The definition of “Sitting” is that the pig is 

upright with front legs straight and back legs bent with rear on floor (dog-like).  “Eating” is 

that the pig stands with its head in the feeder.  “Drinking” is that the pig stands with its 

mouth over the drinker nozzle.  “Parallel pressing” is defined as pigs pushing hard against 

each other side-by-side and throwing the head against each other.  “Inverse parallel pressing” 

is a similar behavior except that pigs are aligned in opposite directions and push their head or 

shoulder against each other.  “Mutual bite” is defined as a pig who bites the other pig 

receives a bite from the same pig within 5 s.  The definition of “biting” is that a pig delivers a 

bite to the body of the other pig without receiving any aggressive feedback by the same pig 

within 5 s.  “Knocking” is a pig throwing its head against the head, neck, or body of the other 

pig.  “Levering” occurs when a pig puts its snout under the body of another pig and lifts it up 

in the air (Li et al., 2006).  

Statistical Analysis 

Data for each response were analyzed using the General Linear Model (PROC GLM) of 

SAS (SAS Inst. Inc., Cary, NC).  The design was randomized block design. The main effect 

was different supplemental quantities of L-Trp and the block was litter origin.  Two pigs in 
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the same pen during the behavior measurement were considered the experimental unit for 

behavior data; whereas, individual pig was considered as the experimental unit for other 

measurements.  Behavior data were undergone square root transformation before statistic 

analysis. Statistical differences were considered significant with P < 0.05.  Polynomial 

contrasts were used to determine significant linear and quadratic effects.  Regression analysis 

was conducted using the Linear Regression Model (PROC REG) between salivary cortisol 

and hypothalamic 5-HT as well as PUN and salivary cortisol.  Average daily gain, 

hypothalamic 5-HT, salivary cortisol, PUN, hypothalamic MDA were plotted with average 

daily total Trp intake of each pig. A one slope broken-line analysis was conducted using the 

Nonlinear Regression Model (PROC NLIN) of SAS to estimate the breaking point of daily 

total Trp intake (Robbins et al., 2006).  We defined parameters for the breakpoint (BP), an 

asymptote for the first segment (L), and a slope for the line segments (U). The one slope 

model can be written as y = L + U × z1 (if daily total Trp intake ≥ BP, then z1 = 0; if daily 

total Trp intake < BP, then z1 = BP – daily total Trp intake). 

Results 

Growth Performance 

During first 5 d, ADG and G:F ratio increased (linear, P < 0.01; Table 2) with 

increasing supplemental L-Trp.  Similarly, ADG and G:F increased (linear, P = 0.01 and P < 

0.01, respectively) with increasing supplemental L-Trp from d 10 to 15.  During the entire 15 

d, ADG and G:F increased (linear, P = 0.01 and P < 0.01, respectively) with increasing 

supplemental L-Trp.  Feed intake was not affected by supplementation of L-Trp.  Using a one 

slope broken-line analysis, the breakpoint for ADG on d 15 occurred at 10.8 g/d total Trp 
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intake (P < 0.01; R
2
 = 0.16; Figure 1).   

Serotonin and 5-Hydroxyindoleacetic Acid 

Supplementation of L-Trp had no effect on 5-HT (63.6, 65.1, 88.5, 110.6, 92.7, and 50.4 

ng/mL on d 15 for 0, 2, 4, 6, 8, and 10 g/kg L-Trp supplementation groups, respectively) in 

PFP.  However, hypothalamic 5-HT and 5-HIAA increased (linear, P < 0.01 and P = 0.03, 

respectively; Table 3) with increasing supplemental L-Trp.  Using a one slope broken-line 

analysis, the breakpoint for hypothalamic 5-HT occurred at 8.7 g/d total Trp intake (P < 0.01; 

R
2
 = 0.19; Figure 2).   

Salivary Cortisol 

On d 15, salivary cortisol decreased (linear, P < 0.01; Table 3) with increasing 

supplemental L-Trp.  However, those effects were not observed on d 5 and 10.  Using a one 

slope broken-line analysis, the breakpoint for salivary corisol on d 15 occurred at 7.1 g/d 

total Trp intake (P < 0.01; R
2
 = 0.22; Figure 3).  A negative relationship (P < 0.01; R

2
 = 

0.11) between salivary cortisol and hypothalamic 5-HT on d 15 was observed in our study 

(Figure 4).  

Malondialdehyde 

Plasma and hypothalamic MDA decreased (linear, P = 0.01 and P < 0.01, respectively; 

Table 3) with increasing supplemental L-Trp.  Using a one slope broken-line analysis, the 

breakpoint for hypothalamic MDA on d 15 occurred at 3.3 g/d total Trp intake (P < 0.01; R
2
 

= 0.14; Figure 5).   
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Plasma Urea Nitrogen 

Plasma urea nitrogen on d 5 and 15 decreased (linear, P < 0.01; Table 3) with increasing 

supplemental L-Trp.  Using a broken-line analysis, the breakpoint for PUN on d 15 occurred 

at 6.6 g/d total Trp intake (P < 0.01; R
2
 = 0.18; Figure 6).  A negative relationship (P < 0.01; 

R
2
 = 0.11) between PUN and salivary cortisol on d 15 was observed in our study (Figure 7).  

Physical Activities and Aggressive Behaviors 

There were quadratic decrease (P = 0.04) in lying, linear decrease (P = 0.04) in sitting 

and linear increase (P = 0.02) in drinking with increasing supplemental L-Trp during the first 

2-d observation period (Table 4).  No effects of L-Trp were observed on physical activities 

during the second 2-d observation period.  The number, total duration, and average duration 

of fighting as well as number of aggression were not affected by L-Trp supplementation 

during both the first 2-d observation period and the second 2-d observation period (Table 5). 

Discussion 

Serotonin is synthesized from Trp which originates from diet or body pool.  About 95% 

dietary Trp absorbed is metabolized through the kynurenine pathway, whereas less than 5% is 

metabolized through the methoxyindole pathway to generate 5-HT (Fernstrom and Wurtman, 

1971).  Availability of Trp as a substrate is 1 rate-limiting factor of the methoxyindole 

pathway of 5-HT biosynthesis (Fernstrom and Wurtman, 1971; Meunier-Salaün et al., 1991).  

Thus, synthesis of 5-HT in the brain largely depends on availability of Trp (Fernstrom and 

Wurtman, 1971; Young and Gauthier, 1981).  Concentration of 5-HT in the brain can be 

augmented by increasing the availability of Trp.  Oral administration of L-Trp has already 
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been reported increased 5-HT level in the brain both in humans and other animals 

(Attenburrow et al., 2003; Koopmans et al., 2006).  Other dietary manipulation strategies 

regulating relative availability of Trp by altering dietary concentration of large neutral amino 

acids have also been shown to successfully change 5-HT levels in the brain, because Trp and 

other large neutral amino acid share the same transporter to cross the blood brain barrier 

(Fernstrom and Wurtman, 1972; Markus et al., 1998; Markus et al., 2000; Scrutton et al., 

2007).  In our study, we showed that 5-HT and 5-HIAA concentrations in the brain increased 

with increasing supplemental L-Trp.  This is consistent with the study reported by Koopmans 

et al. (2006).  They observed increase of 5-HT concentrations in the brain by increasing the 

level of dietary Trp.  We did not measure Trp concentration in plasma, because hypothalamic 

5-HT was measured as a direct indicator of the effects of dietary Trp which was clearly 

affected by Trp intake.  Free Trp in plasma ranges between 5 to 50% of total Trp pool 

depending on the physiological condition (Knott and Curzon, 1972; Curzon and Fernando, 

1976).  Plasma free Trp, therefore, might not be an accurate indicator to determine the effect 

of Trp intake on hypothalamic 5-HT. 

The 5-HT, as a specific neurotransmitter, plays a major role in social interactions and 

behavioral responses in human and domestic animals (Cortamira et al., 1991; Markus et al., 

2000; Lepage et al., 2003; Koopmans et al., 2005; Koopmans et al., 2006).  One type of 

social interactions in which 5-HT is primarily believed to inhibit is aggressive behavior 

(Valzelli, 1984; Eichelman, 1990; Poletto et al., 2010).  In human, administration of Trp to 

treat aggressive behavior has been evaluated (Morand et al., 1983; Volavka et al., 1990).  

Extensive studies on experimental and farm animals also indicated the direct involvement of 
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hypothalamic 5-HT on controling aggressive behavior (Valzelli, 1984; Eichelman, 1990; 

Poletto et al., 2010).  Interestingly, studies conducted on monkeys have directly shown that 

increasing 5-HT level in the brain promoted affiliation interactions and the acquisition of 

dominance, and reduced aggression (Chamberlain et al., 1987; Raleigh et al., 1991).  

Recently, Poletto et al. (2010) reported that high Trp diet reduced physical activity and 

aggressiveness of gilts through the brain serotonergic system.  However, behavioral 

observations in our study are not consistent with previous reports (Valzelli, 1984; 

Chamberlain et al., 1987; Eichelman, 1990; Raleigh et al., 1991; Poletto et al., 2010).  

Aggressive behavior (number and duration of fighting and number of aggression) was not 

affected by L-Trp supplementation both during the first and the second 2-d observation 

periods.  One speculation could be that a prolonged feeding of a certain amount of Trp is 

necessary to affect significant behavioral responses (Koopmans et al., 2006).  This finding is 

largely consistent with studies reported by Koopmans et al. (2006) and Sève et al. (1991).  In 

our study, percentage of time spent on physical activities such as eating and standing was not 

affected by dietary L-Trp.  Interestingly, with increasing supplemental L-Trp, there were 

quadratic decrease in lying, linear decrease in sitting, and linear increase in drinking.  We 

speculate that these effects may be related to 5-HT production in the brain as antidepressant 

role of Trp is well documented (Graeff et al., 1996).  Rapid turnover of 5-HT in synaptic gaps 

at high levels of psychobiologic arousal under social stress would require higher levels of 5-

HT production to maintain the activity of 5-HT circuits.  Failure to increase 5-HT production 

would result in suffering depression, which referred as passive and quiescent behavior 

(Young and Teff, 1989).  Therefore, we speculate that pigs fed with the low level 
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supplemental L-Trp failed to increase synthesis of 5-HT after they received stress from pen 

mixing.  In this case, 5-HT might not be adequate to support the correlative high activity of 

5-HT circuits. Hence, pigs showed increased passive behavior.  

In mammals, 5-HT is believed to have a stimulatory effect on the hypothalamic-

pituitary-adrenal axis (Coccaro, 1989; Dinan, 1996).  Increased concentrations of several 

stress hormones by 5-HT precursor or agonist has been reported by Coccaro (1989) and 

Dinan (1996).  However, we found that salivary coritsol decreased with increasing 

supplemental L-Trp.  The decrease of cortisol might be due to the alternation of brain 

serotonergic signaling pathway which could help to cope with stress and consequently 

contribute to decreased cortisol in saliva (Markus et al., 2000).  Lapin and Oxenkrug (1969) 

originally hypothesized that cortisol secretion is negatively associates with 5-HT when 

subjects are under stress.  They proposed that the decreased 5-HT concentration would 

increase the production of cortisol due to weakening negative feedback of 5-HT on 

amygdaloidal complex (Rubin et al., 1966; Lapin and Oxenkrug, 1969).  This indicates 5-HT 

is critical to stress adaptation.  

Physical separation from their dams and adaptation to a new environment due to 

changes in feed and pen mates are well documented stressors for pigs (Vaux and Ruggiero, 

1983; Mendl et al., 1992; Marchant-Forde, 2002; Guerra et al., 2003; D’Eath et al., 2010).  

Under such stressors, a typical response of pigs would be stimulation of the hypothalamic-

pituitary-adrenal axis and increase of cortisol secretion (Coccaro, 1989; Dinan, 1996).  

Enhanced 5-HT activity involving alternative serotonergic pathways was the key of stress 

adaptation (Deakin and Graeff, 1991; Graeff et al., 1996).  Increasing hypothalamic 5-HT 
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might affect the adaptation process toward stress and subsequently decrease the cortisol 

response (Mason, 1968; Henry and Meehan, 1981).  Reduced secretion of cortisol by 

hypothalamic 5-HT was confirmed in trout fish by Lepage et al. (2003).  Markus et al. (2000) 

also reported that consumption of Trp-rich bovine protein α-lactalbumin reduced cortisol 

secretion and helped stress adaptation in stress vulnerable humans under experimental 

stressors.  Moreover, a carbohydrate-rich protein-poor diet has been reported to reduce 

cortisol secretion and promote stress adaptation through increasing the plasma ratio of 

Trp:large neutral amino acids (Markus et al., 1998) which will enhance the use of Trp in the 

brain.  Thus, the inhibitory effect of L-Trp supplementation on cortisol secretion that we 

observed in this study may be due to the beneficial effects of elevated hypothalamic 5-HT. 

Plasma urea nitrogen, a waste product of protein breakdown, decreased when 

supplemental L-Trp increased.  This indicates that L-Trp supplementation either improves 

efficiency of nitrogen utilization or reduces protein breakdown.  There are several factors that 

could lead to the changes in PUN. These include anabolic factors such as growth hormone or 

increased protein synthesis, and catabolic factors such as shock, stress, or immune response.  

We observed a negative relationship between PUN and salivary cortisol on d 15.  Other 

studies also confirmed a negative relation between PUN and cortisol (Hopkins et al., 1995; 

McDonald and Wood, 2003).  Considering the effect of L-Trp supplementation on salivary 

cortisol level shown in this study, it is suggested that the decrease in PUN may be partly 

caused by the decreased salivary cortisol in association with L-Trp supplementation.  

Tryptophan is believed to have antioxidative effects against oxidative stress.  Previous 

studies confirmed that dietary administration of L-Trp reduced oxidative stress (Katayama 
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and Mine, 2007; Rodriguez et al., 2007; Paredes et al., 2009; Tsopmo et al., 2009).  Paredes 

et al. (2009) reported that oral administration L-Trp increased serum melatonin level, 

enhanced superoxide dismutase activity, and reduced lipid peroxidation induced by antigen.  

Radical scavenging activity of L-Trp has been demonstrated by Tsopmo et al. (2009).  

Addition of L-Trp in infant formula increased the antioxidant capacity.  We also showed that 

dietary supplementation of L-Trp decreased MDA in plasma and hypothalamus.  However, 

one study argued that L-Trp had no antioxidative effect on rigidity of hepatic cell membrane 

(Reyes-Gonzales et al., 2009).  It was interesting to note that Trp showed enhanced 

antioxidative activity only under stressed conditions (Katayama and Mine, 2007).  

Melatonin is a metabolite of 5-HT through the methoxyindole pathway in the pineal 

gland.  Melatonin has direct scavenging actions against free radicals (Tan et al., 2007; Peyrot 

and Ducrocq, 2008) and indirect effects on antioxidant enzymes such as superoxide 

dismutase (Kedziora-Kornatowska et al., 2007; Reiter et al., 2008).  Thus, Trp could affect 

oxidative status through melatonin synthesis (Paredes et al., 2009).  The metabolites of 

kynurenine pathway such as 3-hydroxykynurenine and 3-hydroxyanthranilic acid are also 

strong antioxidants (Christen et al., 1990; Christen et al., 1994; Thomas et al., 1996).  Some 

researchers reported that 3-hydroxykynurine and 3-hydroxyanthranilic acid could protect low 

density lipoprotein from lipid peroxidation by regenerating α-tocopherol through their 

powerful peroxyl radical scavenging function (Christen et al., 1990; Christen et al., 1994; 

Thomas et al., 1996).  This could be another mechanism by which Trp reduces lipid 

peroxidation. 

Tryptophan is an essential amino acid for an optimal growth of pigs (Ball and Bayley, 
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1984; Yen et al., 2002).  The NRC (1998) recommendation for true ileal digestible Trp 

requirement of 10 to 20 kg pigs is 0.18%.  Similar result has been verified by Guzik et al. 

(2005).  However, the recommended requirement of Trp in Europe (ARC, 1981) is slightly 

higher than the NRC (1998) recommendation.  The goal of our study was not to find a 

requirement of Trp for optimal growth of pigs, but to investigate the biological function of L-

Trp in pigs.  We observed improved growth performance of pigs with increasing 

supplemental L-Trp during entire period.  This result is consistent with a study by McGlone 

et al. (1985), who reported 0.5% addition of L-Trp in a diet had improved ADG of nursery 

pigs during the first 7-d of the trial.  Improved growth performance in our study could be due 

to the beneficial effects of Trp on stress adaptation as shown in reduced cortisol and MDA, 

because reduced stress is associated with improvement of growth performance (Hemsworth 

et al., 1981; Hemsworth et al., 1987; Hemsworth and Barnett, 1991).  Furthermore, elevated 

basal cortisol concentrations were consistently related to reduction in growth (Hemsworth et 

al., 1987; Hemsworth and Barnett, 1991).  Reduced PUN by L-Trp supplement shown in our 

study also supports the beneficial effects of supplemental L-Trp on growth and nutrient 

utilization.  

In conclusion, dietary supplementation of L-Trp affected pig behavior by increasing 

drinking, and reducing sitting and lying although aggressive behaviors were not affected.  

Supplementation of L-Trp improved growth performance which was associated with 

increased hypothalamic 5-HT production, reduced stress hormone concentrations, and 

decreased systemic and hypothalamic lipid peroxidation in nursery pigs.  From a broken-line 

analysis, when pigs were consuming isonitrogenous diets, growth of pigs was maximized 
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when daily total Trp intake was 10.8 g which is significantly higher than Trp requirement 

suggested by NRC (1998), which is 2.1 g total Trp per day.    
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Table 1. Ingredient and chemical composition of experimental diets as fed basis
1
 

 

Dietary L-Trp supplementation, g/kg 

Ingredient 0 2 4 6 8 10 

  Yellow corn 67.95 67.92 67.90 67.87 67.85 67.82 

  Soybean meal 28.00 28.00 28.00 28.00 28.00 28.00 

  L-Trp 0.00 0.20 0.40 0.60 0.80 1.00 

  L-Ala 0.87 0.70 0.52 0.35 0.17 0.00 

  Poultry fat 1.00 1.00 1.00 1.00 1.00 1.00 

  Vitamin premix
2
 0.03 0.03 0.03 0.03 0.03 0.03 

  Mineral premix
3
 0.15 0.15 0.15 0.15 0.15 0.15 

  Monocalcium phosphate 0.70 0.70 0.70 0.70 0.70 0.70 

  Ground limestone 1.00 1.00 1.00 1.00 1.00 1.00 

  Salt 0.30 0.30 0.30 0.30 0.30 0.30 

  Total 100 100 100 100 100 100 

Calculated composition 

      DM, % 89.75 89.76 89.76 89.76 89.76 89.77 

  ME, Mcal/kg 3.38 3.39 3.39 3.39 3.39 3.39 

  Crude protein, % 19.76 19.76 19.75 19.75 19.75 19.75 

  SID
4
 Lys, % 0.90 0.90 0.90 0.90 0.90 0.90 

  SID Met + Cys, % 0.56 0.56 0.56 0.56 0.56 0.56 

  SID Trp, % 0.19 0.39 0.59 0.79 0.99 1.18 

  SID Thr, % 0.61 0.61 0.61 0.61 0.61 0.61 

  Ca, % 0.68 0.68 0.68 0.68 0.68 0.68 

  P available, % 0.20 0.20 0.20 0.20 0.20 0.20 

  P total, % 0.51 0.51 0.51 0.51 0.51 0.51 

Analyzed composition 

        DM, %  89.76  89.47  89.71 89.21 89.41 89.35  

  CP, %  20.81 19.21  19.92  19.34  19.86  19.22 

  Ca, % 0.79 0.66 0.80 0.82 0.91 0.79 

  P total, % 0.53 0.54 0.48 0.48 0.43 0.51 
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Table 1. Continued. 
1 

L-Ala was provided as an isonitrogenous control for L-Trp.  
2 

The vitamin premix provided the following per kilogram of complete diet: 6,613.8 IU of 

vitamin A; 992.0 IU of vitamin D3; 19.8 IU of vitamin E; 2.64 mg of vitamin K; 0.03 mg of 

vitamin B12; 4.63 mg of riboflavin; 18.52 mg of pantothenic acid; 24.96 mg of niacin; 0.07 

mg of biotin.  
3 

The trace mineral premix provided the following per kilogram of complete diet: 4.0 mg 

of Mn as manganous oxide; 165 mg of Fe as ferrous sulfate; 165 mg of Zn as zinc sulfate; 

16.5 mg of Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 0.30 

mg of Se as sodium selenite. 
4
 Standardized ileal digestible.
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Table 2. Effects of dietary L-Trp supplementation on growth performance of 6-wk-old nursery pigs
1 

 
Dietary L-Trp supplementation, g/kg 

 
P-value 

Item 0 2 4 6 8 10 SEM Linear Quadratic 

Initial weight, kg        12.05      12.00      12.00       11.93      11.99      12.00       0.52 0.91 0.96 

Final weight, kg        18.74       19.07       18.92       19.13      20.04      18.87       0.72 0.24 0.55 

ADG, g 
         

  d 0 to 5 199 278 283  324 352 244 35     < 0.01 0.85 

  d 5 to 10 546 519 494 512 545 537 37 0.75 0.31 

  d 10 to 15 593 616 604 604 713 595 28 0.01 0.09 

  d 0 to 15 446 471 461 480 537 459 23 0.01 0.24 

ADFI, g 
         

  d 0 to 5 648 673 671 694 733 649 46 0.15 0.66 

  d 5 to 10 930 948 966 922 992 944 48 0.52 0.84 

  d 10 to 15    1,096    1,104    1,074     1,075     1,149    1,119 32 0.70 0.29 

  d 0 to 15 892 909 904 897 958 904 35 0.30 0.53 

G:F 
         

  d 0 to 5          0.30         0.40        0.40         0.46         0.48         0.35       0.04     < 0.01 0.73 

  d 5 to 10          0.59         0.54         0.51         0.60         0.54         0.56       0.03 0.29 0.27 

  d 10 to 15          0.54         0.56         0.56         0.56         0.62         0.53       0.02     < 0.01 0.18 

  d 0 to 15         0.50         0.52         0.51         0.53         0.56         0.51       0.01     < 0.01 0.24 
1 

n=12.   
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Table 3. Effects of dietary L-Trp supplementation on serotonin (5-HT) and its metabolites (5-HIAA), malonedialdehyde (MDA), plasma 

urea nitrogen, and salivary cortisol concentration of nursery pigs at different time points
1
 

  Dietary L-Trp supplementation, g/kg   P-value 

Item 0 2 4 6 8 10 SEM Linear Quadratic 

5-HT and 5-HIAA, ng/mg 

protein          

  Hypothalamic 5-HT
2
 263   382    409    434    753    616   83 < 0.01 0.27 

  Hypothalamic 5-HIAA
2
 903  1,300 1,925 1,400 2,743 2,241 390   0.03 0.64 

  5-HIAA:5-HT     3.82 
       

3.67 

       

4.75 

       

3.53 

       

3.45 
       4.28 

    

0.53 
  0.51 0.31 

MDA 
         

  Plasma on d 5, µM 20.9  13.2  14.7  15.9      14.0      17.0 1.7   0.01 0.06 

  Hypothalamus on d 15, µmol/g 87.2  55.8  71.5  54.5      56.2      64.5 7.1 < 0.01 0.18 

Plasma urea nitrogen, µg/mL 
         

  d 5     64      57      58     60      45      73     6 < 0.01 0.36 

  d 15     80      77      69     62      57      64     5 < 0.01 0.61 

Salivary cortisol, ng/mL 

         d 5       2.28   1.9      1.42     1.91      1.33      1.83   0.31   0.06 0.71 

  d 10       2.01     1.78      1.58     1.78     1.52      1.53   0.19   0.23 0.60 

  d 15       2.47     2.24 

       

1.94       1.56      1.27       1.69 

   

0.21 < 0.01 0.52 
1 

n = 12.  
2
 Expressed on the basis of hypothalamic protein concentration.
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Table 4. Effects of dietary L-Trp supplementation on behavior of nursery pigs
1, 2

 

 
Dietary L-Trp supplementation, g/kg 

 
P-value 

Item 0 2 4 6 8 10 SEM Linear Quadratic 

d 5 to 7 
         

  Lying, % 78.4 73.9 74.3 77.7 78.1       77.0 1.9 0.92 0.04 

  Sitting, %  1.4  0.9  1.1  0.7   0.5    0.6 0.2 0.04 0.80 

  Eating, % 11.6 12.6 13.7 12.4 12.4 13.2 1.2 0.66 0.38 

  Standing, %  7.9 11.6  9.3  7.9  7.6         8.0 1.1 0.63 0.05 

  Drinking, %  0.7  1.1   1.6   1.2   1.3   1.3 0.2 0.02 0.08 

d 10 to 12 
        

  Lying, % 75.2 74.9 74.8 78.3 77.3 79.3 2.3 0.70 0.74 

  Sitting, %  1.1   1.0  0.8  0.7  0.6  0.6 0.2 0.20 0.99 

  Eating, % 12.8 14.8 14.8 12.9 13.1 12.8 1.5 0.84 0.37 

  Standing, %  9.6  8.1  8.3  6.8  8.2   6.1 1.1 0.71 0.33 

  Drinking, %  1.3  1.2  1.3  1.3  0.9  1.2 0.2 0.17 0.33 
1
 n = 12.  

2 
Behavior (lying, sitting, eating, standing, and drinking) were measured every other hour from 0800 to 2200 h for 2 d. 

 
The 

percentage
 
data were undergone square root transformation to obtain P-value. 
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Table 5.  Effects of dietary L-Trp supplementation on aggressive behaviors of nursery pigs
1
 

 
 

Dietary L-Trp supplementation, g/kg 
 

P-value 

Item 
 

0 2 4 6 8 10 SEM Linear Quadratic 

d 5 to 7 
          

  Fighting
2
 No. of observed, n      9.67   5.50   11.33     6.67     8.33     5.33     3.01 0.75 0.58 

 Total duration, s   162.33 58.17   77.00 157.17 188.33 125.67   73.39 0.70 0.21 

 

Average duration, 

s 
   34.01 21.51   20.37   64.07   38.25 103.96   33.21 0.98 0.59 

  

Aggression
3
 

No. of observed, n    11.33 18.25   17.75   17.83   22.00   20.08     4.53 0.10 0.59 

d 10 to 12 
          

  Fighting
2
 No. of observed, n     9.33   3.50   16.83     1.83     5.50     5.50     3.11 0.54 0.75 

 Total duration, s  236.67 41.33 576.33   18.17   61.00   47.00 131.28 0.63 0.44 

 

Average duration, 

s 
  31.13 20.81   71.31     9.28   27.31   13.67   11.46 0.79 0.42 

  

Aggression
3
 

No. of observed, n   28.25 19.92   18.83   20.08   28.50   22.58     5.33 0.91 0.17 

1
 n = 12.  

2 
Number, total duration and average duration of observed fighting was a combination of observed parallel pressing, inverse parallel 

pressing, and mutual bite from 0800 to 1400 h during the first day of observation. Data were undergone square root transformation to 

obtain P-value. 
3 

Number of observed aggression was a combination of observed biting, knocking, and levering from 0800 to 1400 h during the first 

day of observation. Data were undergone square root transformation to obtain P-value.
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Figure 1. A broken-line analysis of ADG on d 15 of pigs (n = 72)  with increasing daily total 

Trp intake. A breakpoint of ADG on d 15 occurred at 10.8 g/d total Trp intake with 95% CI 

(3.8 g/d, 17.8 g/d), showing that the maximal ADG on d 15 was obtained when total Trp 

intake was 10.8 g/d (P < 0.01; R
2
 = 0.16). One-slope broken-line model; Equation: y = 524 - 

10.4 × z1; Breakpoint (BP) = 10.8 g/d (if daily total Trp intake ≥ BP, then z1 = 0; if daily 

total Trp intake < BP, then z1 = BP – daily total Trp intake). 
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Figure 2. A broken-line analysis of hypothelamic serotonin (5-HT) of pigs (n = 72) with 

increasing daily total Trp intake. A breakpoint of hypothelamic 5-HT occurred at 8.7 g/d total 

Trp intake with 95% CI (4.8 g/d, 12.7 g/d), showing that the maximal hypothelamic 5-HT 

was obtained when total Trp intake as 8.7 g/d (P < 0.01; R
2
 = 0.19). One-slope broken-line 

model; Equation: y = 628 - 533 × z1; Breakpoint (BP) = 8.7 g/d (if daily total Trp intake ≥ 

BP, then z1 = 0; if daily total Trp intake < BP, then z1 = BP – daily total Trp intake). 
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Figure 3. A broken-line analysis of saliva cortisol on d 15 of pigs (n = 72)  with increasing 

daily total Trp intake. A breakpoint of saliva cortisol on d 15 occurred at 7.1 g/d total Trp 

intake with 95% CI (4.3 g/d, 10.0 g/d), showing that the lowest saliva cortisol on d 15 was 

obtained when total Trp intake was 7.1 g/d (P < 0.01; R
2
 = 0.22). One-slope broken-line 

model; Equation: y = 1.53 + 1.85 × z1; Breakpoint (BP) = 7.1 g/d (if daily total Trp intake ≥ 

BP, then z1 = 0; if daily total Trp intake < BP, then z1 = BP – daily total Trp intake). 
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Figure 4. The ralationship between salivary cortisol and hypothalamic serotonin (5-HT) on d 

15 in nursery pigs (n = 72) fed different levels of L-Trp.   
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Figure 5. A broken-line analysis of hypothalamic malonedialdehyde (MDA) of pigs (n = 72) 

with increasing daily total Trp intake. A breakpoint of hypothalamic MDA occurred at 3.3 

g/d total Trp intake with 95% CI (2.1 g/d, 8.6 g/d), showing that the lowest hypothalamic 

MDA was obtained when total Trp intake was 3.3 g/d (P < 0.01; R
2
 = 0.14).One-slope 

broken-line model; Equation: y = 60 + 16 × z1; Breakpoint (BP) = 3.3 g/d (if daily total Trp 

intake ≥ BP, then z1 = 0; if daily total Trp intake < BP, then z1 = BP – daily total Trp intake). 
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Figure 6. A broken-line analysis of plasma urea nitrogen (PUN) on d 15 of pigs (n = 72) 

with increasing daily total Trp intake. A breakpoint of PUN on d 15 occurred at 6.6 g/d total 

Trp intake with 95% CI (3.7 g/d, 9.5 g/d), showing that the lowest PUN on d 15 was obtained 

when total Trp intake was 6.6 g/d (P < 0.01; R
2
 = 0.18). One-slope broken-line model; 

Equation: y = 61 + 44 × z1; Breakpoint (BP) = 6.6 g/d (if daily total Trp intake ≥ BP, then z1 

= 0; if daily total Trp intake < BP, then z1 = BP – daily total Trp intake). 
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Figure 7. The ralationship between plasma urea nitrogen and salivary cortisol on d 15 in 

nursery pigs (n = 72) feeding different levels of L-Trp.  
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CHAPTER 3 

DIETARY L-TRYPTOPHAN SUPPLMENTATION WTH REDUCED LARGE 

NEUTRAL AMINO ACIDS ENHANCES FEED EFFICIENCY AND REDUCES 

STRESS HORMONE SECRETION OF NURSERY PIGS UNDER SOCIAL-MIXING 

STRESS 
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Abstract: Tryptophan, the rate limiting substrate of serotonin (5-hydroxytryptoamine, 5-HT) 

synthesis in the brain, competes with large neutral amino acids (LNAA) to cross the blood-

brain barrier.  This study was designed to evaluate the effect of L-Trp supplementation on 

nursery pigs experiencing social-mixing stress and fed diets varying in LNAA concentrations.  

Forty eight individually housed barrows at 6 wk of age were randomly allotted to 4 dietary 

treatments based on a 2 × 2 factorial arrangement, with L-Trp supplementation (0 or 0.6%) 

and LNAA concentrations (4.5 or 3.8%) as the two main factors.  Pigs were fed the diets for 

7 d. On d 4, pigs within a treatment were paired in a new pen to create social-mixing stress 

and behavior was recorded for 24 h. Saliva and blood were collected on d 4 and 7. On d 7, 

pigs were killed to obtain hypothalami.  During the entire period excluding the mixing day (d 

5), L-Trp supplementation improved (P < 0.01) feed efficiency of pigs and lowering LNAA 

further enhanced (P < 0.05) the effects of L-Trp.  Supplementation of 0.6% L-Trp increased 

(P < 0.001) hypothalamic 5-HT and 5-hydroxyindoleacetic acid.  Salivary cortisol 

concentration was reduced (P < 0.05) by lowering LNAA.  Collectively, lowering LNAA 

further enhanced the improvement of feed efficiency by L-Trp supplementation of nursery 

pigs under social-mixing stress in association with reduced stress hormones, indicating 

reducing LNAA in the diet can facilitate the effect of L-Trp on stress response of pigs. 

KEY WORDS: Large neutral amino acids, nursery pigs, serotonin, stress, tryptophan  
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Introduction 

During the weaning period, stressors including separation from dam, exposure to new 

pen-mates, and changes in feed from liquid to solid negatively affect the growth, health, 

physiological status of pigs (Ekkel et al., 1997; Jensen and Yngvesson, 1998; Ruis et al., 

2000; Guerra et al., 2003).  In a practical setting, once pigs are weaned, they are housed in a 

new environment occasionally with new pen-mates.  When pigs are introduced to new pen-

mates, pigs show aggressive behavior to establish a hierarchy.  This behavioral challenge is 

considered as social stress that may affect the animal’s psychological activity, contributing to 

the onset of aggressive behavior and impairing growth and welfare following stress (Ruis et 

al., 2000; Guerra et al., 2003).  Hypothalamic serotonin (5-hydroxytryptamine, 5-HT) is 

involved in stress response (Mason, 1968; Henry and Meehan, 1981; Lepage et al., 2005).  

Hypothalamic 5-HT can benefit the animals and humans responding to a stress by reducing 

secretion of stress hormones (Adeola et al., 1993; Lepage et al., 2003; Koopmans et al., 

2005), alleviating aggressive behaviors (Cortamira et al., 1991; Poletto et al., 2010), and 

regulating mood and appetite (Markus et al., 2000; Zhang et al., 2007).  

Serotonin is synthesized from the dietary essential amino acid tryptophan (Trp). The 

rate-limiting step of 5-HT biosynthesis is the hydroxylation step of the methoxyindole 

pathway, which is not saturated by L-Trp in vivo (Fernstrom and Wurtman, 1971; Meunier-
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Salaun et al., 1991).  Therefore, availability of L-Trp as a substrate is the rate-limiting factor 

of 5-HT biosynthesis in the brain (Fernstrom and Wurtman, 1971; Meunier-Salaun et al., 

1991).  Accordingly, the concentration of hypothalamic 5-HT may be augmented by 

increasing the concentration of L-Trp in the brain.  Indeed, oral administration of L-Trp 

increased the concentration of hypothalamic 5-HT both in humans and other animals 

(Attenburrow et al., 2003; Koopmans et al., 2006).  We previously determined that dietary 

supplementation of 0.8% L-Trp maximized growth performance in association with increased 

concentration of hypothalamic 5-HT and improved stress adaptation of nursery pigs (Shen et 

al., 2012).  

Tryptophan competes with the other large neutral amino acids (LNAA; valine, leucine, 

isoleucine, tyrosine, and phenylalanine) to cross the blood-brain barrier via the L-type amino 

acid carrier (Pardridge, 1998).  Thus, dietary strategies regulating relative availability of L-

Trp to LNAA (L-Trp/LNAA) could give L-Trp an advantage for access to the brain and could 

augment the availability of L-Trp in the brain, thereby altering the concentration of 

hypothalamic 5-HT, and subsequently the stress response (Fernstrom and Wurtman, 1972; 

Markus et al., 1998; Markus et al., 2000; Scrutton et al., 2007; Markus et al., 2010; Verschoor 

et al., 2010).  Studies of humans have demonstrated that increasing LNAA by supplementing 

with protein rich diets negatively affected hypothalamic 5-HT, and stress response, with 
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attendant decreases in the ratio of L-Trp/LNAA in plasma (Lieberman et al., 1986). Therefore, 

reducing dietary LNAA may facilitate hypothalamic 5-HT synthesis and may further improve 

the effect of dietary supplementation of L-Trp.  In this study we hypothesized that 

supplementation of L-Trp and reducing LNAA in the diet could enhance the growth of 

nursery pigs experiencing social-mixing stress by increasing the concentration of 

hypothalamic 5-HT, alleviating aggressive behaviors, and facilitating stress adaptation.  

Materials and Methods 

Animal 

The experimental protocol was approved by North Carolina State University Animal 

Care and Use committee.  Forty eight individually housed crossbred barrows (13.0 ± 0.2 kg) 

from 12 litters at 6 wk of age (3 wk post-weaning) were randomly allotted to 4 dietary 

treatments based on a 2 × 2 factorial arrangement.  The first factor was L-Trp 

supplementation (0 or 0.6%) and the second factor was two levels of LNAA concentration 

(4.5 or 3.8%).  In order to determine the effects of Trp on pigs under social-mixing stress but 

without other stressors caused by weaning process, 6 wk old nursery pigs at 3 wk after 

weaning were used. Supplementation of 0.6% L-Trp was decided based on a previous study 

by Shen et al. (Shen et al., 2012) showing the beneficial effects of L-Trp supplementation on 

stress adaptation were maximized at 0.8% when the L-Trp:LNAA ratio was 0.22.  In the 



 

 

101 

 

current study, dietary LNAA is reduced from 4.5 to 3.8%. Lowering dietary LNAA may 

allow pigs to respond to L-Trp at a lower supplementation level of 0.6% if L-Trp:LNAA is 

maintained at a ratio used in Shen et al. (Shen et al., 2012).  Indeed, another purpose of this 

study was to examine if lowering dietary LNAA could further enhance response of pigs to 

supplementation of 0.6% L-Trp (similar to the effects of 0.8% L-Trp with normal LNAA 

concentration which was shown in our previous study by Shen et al., 2012).   If so, the 

supplemental level of L-Trp for maximized beneficial effects on stress response would be 

reduced by lowering LNAA concentrations.  Lowering both the extent of L-Trp 

supplementation and LNAA concentrations would give an economical advantage for using 

L-Trp supplementation to manage stress response.  

Because LNAA composes a large portion (about 25%) of dietary protein in dietary 

protein whereas L-Trp is only about 1 to 2%, reducing dietary concentration of LNAA from 

4.5 to 3.8% was done by reducing crude protein (Lieberman et al., 1986).  Key limiting 

amino acids (Lys, Met, Trp, and Thr) were supplemented in order to ensure all essential 

amino acids in the diets meet the nutritional requirement of pigs (NRC.).  Isonitrogenous 

diets were formulated between treatments within a same LNAA concentration by using L-

Ala.  It was shown in our previous studies (Kim and Wu, 2004; Wu et al., 2004; Mateo et al., 

2007; Shen et al., 2012) that L-Ala is extensively catabolized and does not exert toxic or 
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other biologic effects.  The dietary composition is summarized in Table 1.  Basal diets for 

each LNAA concentration were prepared first and then needed amino acids (L-Lys HCl, DL-

Met, L-Trp, L-Thr, and L-Ala) were supplemented to the same basal diets.  Each treatment 

was replicated over 12 pigs (n = 12).  Four barrow littermates from each of 12 litters were 

randomly assigned (within a litter) to 4 dietary treatments.  Pigs were transferred to a new 

nursery room and housed individually right after the beginning of this study.  Thus, 12 

individually housed pigs in each treatment were from different litter origins. Pens (1.73 × 

0.83 m) with metal screen floor were equipped with a nipple drinker and a 2-hole self-feeder.  

The experimental period was 7 d.  The length of this experiment was based previous work 

from our laboratory (Shen et al., 2012) showing that short term supplementation of L-Trp 

(first 5 d) enhanced stress adaptation.  Pigs had free access to water and diets.  On d 4, pigs 

with similar body weights within a treatment were paired and placed together in a new pen 

(1.73 × 0.83 m) to create social-mixing stress and behavior was recorded for 24 h.  Two pigs 

paired in a pen, therefore, were from different litter origins in order to instigate social-mixing 

stress.  There were 6 pens per treatment for the behavioral measurements. On d 5, pigs were 

returned to the original pens and housed individually for a 2-d feeding period (from d 5 to 7), 

allowing hypothalamic 5-HT recovery from social mixing stress.  Hypothalamus was 

collected on d 7 which were 2 days after social mixing stress for measuring hypothalamic 5-
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HT and its metabolite 5-hydroxyindoleacetic acid (5-HIAA). Studies of rats and pigs have 

shown that reduced level of hypothalamic 5-HT by stress would recover 2 d after stress 

(Adell et al., 1988a; Adell et al., 1988b; Koopmans et al., 2005).  Thus, levels of 

hypothalamic 5-HT and its metabolite 5-HIAA were measured on d 7 as indicators of the 

levels of hypothalamic 5-HT and 5-HIAA without direct effects of social-mixing stress but 

only affected by L-Trp and LNAA. Blood and saliva was collected on d 4 and 7 for 

examining effects of L-Trp supplementation and lowering LNAA on physiological responses 

of pigs before social-mixing stress and during adaptation period.  Body weights and feeder 

weights were recorded on d 0, 4, 5, and 7 for computation of growth performance.  

Sample Collection and Processing 

Blood samples were collected via jugular vein from all pigs on d 4 immediately prior to 

the behavioral measurement (0700 to 0800 h) and on d 7 (0700 to 0800 h).  Plasma was 

obtained by centrifugation (1,500 × g at 4°C for 10 min) and frozen at -80°C until analyzed 

for concentrations of malonedialdehyde (MDA) and plasma urea nitrogen (PUN).  Saliva 

was collected from all pigs using cotton gauze on d 4 and 7 before collecting blood (0630 to 

0700 h) to measure salivary cortisol as described by Shen et al. (Shen et al., 2012).  Saliva 

samples were stored in -80
o
C until analysis.  All pigs were killed by electrocution on d 7 

which was 2 days after social mixing stress to collect hypothalamus.  The brain was quickly 
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removed, and the hypothalamus was dissected and frozen in liquid nitrogen then stored in -

80°C.  The frozen hypothalamus (0.5 g) was weighed and processed to determine 

concentrations of 5-HT, 5-HIAA, and protein as described by Shen et al. (19). 

Hypothalamic Serotonin and 5-hydroxyindoleacetic Acid 

Commercial ELISA kits (IBL) were used to determine concentrations of 5-HT and 5-

HIAA in the hypothalamus as previously described (Bethea et al., 2003; Shen et al., 2012).  

All samples were tested in duplicate.  Intra and inter assay CV for 5-HT were 3.8 and 6.0%, 

respectively.  Intra and inter assay CV for 5-HIAA were 4.8 and 5.7%, respectively.  

Concentrations of 5-HT and 5-HIAA in the hypothalamus were expressed as nmol/kg tissue. 

Hypothalamic Protein Assay 

Concentrations of protein in hypothalamic tissue extract were measured using a 

commercial kit (Thermo Fisher Scientific Inc.) according to Smith et al. (Smith et al., 1985).  

All samples were tested in duplicate. Intra and inter assay CV were 4.3 and 5.2%, 

respectively. 

Salivary Cortisol 

Concentrations of salivary cortisol were determined using a commercial RIA kit 

(Diagnostic Products Corp.) modified for pig (Hicks et al., 1998; Shen et al., 2012).  All 

samples were tested in duplicate.  Intra and inter assay CV were 4.0 and 4.0%, respectively.  
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Malonedialdehyde 

Social stress stimulates the production of reactive oxygen species which may lead to 

oxidative damage to DNA, protein and lipids in the brain (Zaidi et al., 2005; Muqbil and 

Banu, 2006).  Studies have shown that dietary administration of L-Trp reduced oxidative 

stress (Katayama and Mine, 2007; Tan et al., 2007; Paredes et al., 2009).  Thus, 

concentrations of MDA in plasma and hypothalamic tissue extract, as index of lipid 

peroxidation, were measured using a commercial ELISA kit (Cell Biolabs) according to 

manufacturer's instruction.  All samples were tested in duplicate. Concentrations of MDA in 

plasma were expressed as µmol/L, whereas concentrations of MDA in hypothalamic tissue 

extract were expressed as µmol/g hypothalamic protein.  Intra and inter assay CV were 7.8 

and 7.3%, respectively. 

Plasma Urea Nitrogen 

Concentrations of plasma urea nitrogen were determined using a urea N kit (Stanbio 

Laboratory) according to Sampson et al. (Sampson et al., 1980).  All samples were tested in 

duplicate. Intra and inter assay CV were 2.6 and 3.0%, respectively. 

Physical Activity and Aggressive Behavior Measurement  

To evaluate effects of L-Trp supplementation and LNAA on behavior during social-

mixing stress, previously individually housed pigs from 4 dietary treatments were mixed on d 
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4 for 24 h. Behavior of each pig was continuously recorded for 12 h (0800 to 2000 h) in real 

time right after mixing according to a previous study by Shen et al. (Shen et al., 2012).  A 

previously trained observer watched all recorded videos. Data were analyzed by classifying 

behavior into lying, sitting, standing, eating, and drinking.  An instantaneous scan-sampling 

method with 1 min-intervals was used to determine percentage of time spent on various 

behaviors for every other hour from 0800 to 2200 h (Bolhuis et al., 2010).  

Aggressive behaviors are part of standing and defined as agonistic interactions between 

pigs.  Aggressive behaviors were further divided into fighting and aggression.  Fighting 

included parallel pressing, inverse parallel pressing, and mutual biting which represent 

intensive aggressive social interaction between pigs.  Fighting occurs during the first few 

hours after mixing which is decisive for order of dominance (D' Eath, 2002; Li et al., 2006).  

Aggression, however, including biting, knocking, and levering which are defined as one-

sided aggressive behaviors that one pig acts on the other pig (Rushen, 1987; D' Eath, 2002).  

Fighting and aggression was measured for 6 h from 0800 to 1400 h during the observation 

period on d 4.  Details of behavioral assessment and definition of each behavior were 

addressed in a previous study by Shen et al. (Shen et al., 2012). 

Statistical Analysis 

Data for each response were analyzed as a 2 × 2 factorial arrangement by 2-way 
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ANOVA using the General Linear Model (PROC GLM) of SAS (SAS Inst. Inc., Cary, NC).  

The main effects of L-Trp supplementation and LNAA, as well as their interaction were 

tested.  Statistical differences were considered significant with P ≤ 0.05.  When an 

interaction effect was significant (P < 0.05), pair-wise comparisons were determined with the 

PDIFF option of the LSMEANS statement in GLM procedure.  Data were presented as 

means.  Two pigs in the same pen during the behavior measurement were considered the 

experimental unit for behavior data; whereas, individual pig was considered as the 

experimental unit for other measurements.  Behavior data were subjected to square root 

transformation before statistic analysis.  Correlation was conducted using the correlation 

analysis of SAS (PROC CORR) between salivary cortisol and hypothalamic 5-HT as well as 

plasma urea nitrogen and salivary cortisol.  

Results 

Growth Performance 

During first 4 d, pigs fed diets supplemented with 0.6% L-Trp had greater (P < 0.05) 

weight gain by 29% and feed efficiency by 40% compared with pigs fed diets supplemented 

with 0% L-Trp.  Interactions, showing additive effect between L-Trp supplementation and 

LNAA, were detected on feed efficiency (P < 0.05).  The effects of L-Trp supplementation 

on weight gain and feed efficiency were enhanced when dietary LNAA concentration was 
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reduced from 4.5 to 3.8%.  During the entire period excluding the mixing day, pigs fed diets 

supplemented with 0.6% L-Trp had greater (P < 0.05) weight gain by 25% and feed 

efficiency by 33% compared with pigs fed diets supplemented with 0% L-Trp.  An 

interaction, showing additive effect between L-Trp supplementation and reducing dietary 

LNAA, was detected on feed efficiency (P < 0.05).  Lowering LNAA from 4.5 to 3.8% 

further enhanced the effects of L-Trp by improving feed efficiency by 70% (Table 2).  

Hypothalamic Serotonin and 5-hydroxyindoleacetic Acid 

Pigs fed diets supplemented with 0.6% L-Trp had greater (P < 0.001) concentrations of 

hypothalamic 5-HT (59% increase) and 5-HIAA (59% increase) compared with pigs fed diets 

supplemented with 0% L-Trp.  However, reducing dietary LNAA did not affect 

hypothalamic 5-HT and 5-HIAA concentrations.  L-Trp supplementation and reducing 

dietary LNAA did not show interactions.  Neither dietary L-Trp supplementation nor 

reducing dietary LNAA altered ratio of 5-HIAA/5-HT in the hypothalamus (Table 3).  

Salivary Cortisol 

On d 4, neither dietary L-Trp supplementation nor reducing dietary LNAA affected 

salivary cortisol level.  No interaction between L-Trp supplementation and reducing LNAA 

was detected.  On d 7,  pigs fed diets with 3.8% dietary LNAA had a lower (P < 0.05) 

concentration of salivary cortisol (23% reduction) compared with pigs fed diets with 4.5% 
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dietary LNAA.  Dietary L-Trp supplementation did not affect salivary cortisol.  No 

interaction between L-Trp supplementation and LNAA was detected.  Concentrations of 

salivary cortisol on d 4 and d 7 had negative correlations (P < 0.05, r = -0.36; P = 0.05, r = -

0.28; respectively) with concentrations of hypothalamic 5-HT.  

Malondialdehyde 

Pigs fed diets supplemented with 0.6% L-Trp had lower (P < 0.05) MDA in plasma by 

24% and hypothalamus by 28% compared with pigs fed diets supplemented with 0% L-Trp, 

indicating reduced systemic and hypothalamic lipid peroxidation (Table 3).  Reducing 

dietary LNAA did not affect MDA in plasma and hypothalamus. No interaction between L-

Trp supplementation and LNAA was detected. 

Plasma Urea Nitrogen 

On d 4, pigs fed diets supplemented with 0.6% L-Trp had lower (P < 0.05) PUN by 

16% compared with pigs fed diets supplemented with 0% L-Trp (Table 3).  Pigs fed diets 

with 3.8% dietary LNAA had lower (P < 0.01) PUN by 27% compared with pigs fed diets 

with 4.5% dietary LNAA.  No interaction between L-Trp supplementation and LNAA was 

detected.  On d 7, pigs fed diets supplemented with 0.6% L-Trp had lower (P < 0.05) PUN by 

17% compared with pigs fed diets supplemented with 0% L-Trp.  Pigs fed diets with 3.8% 

dietary LNAA had lower (P < 0.001) PUN by 28% compared with pigs fed diets with 4.5% 
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dietary LNAA. An interaction between L-Trp supplementation and LNAA was detected on 

PUN (P < 0.05).  On d 7, PUN had a positive correlation (P < 0.05, r = 0.35) with 

concentrations of salivary cortisol. 

Physical Activities and Aggressive Behaviors 

Neither dietary supplementation of 0.6% L-Trp nor reducing concentrations of dietary 

LNAA affected percentage of time that pigs spent on physical activities including lying, 

sitting, standing, eating, and drinking.  Duration and number of observed aggressive 

behaviors were also not affected by either dietary supplementation of 0.6% L-Trp or reducing 

concentrations of dietary LNAA (Table 4).  An interaction between L-Trp supplementation 

and LNAA was detected on number of observed fighting behavior (P < 0.05).  

Supplementation of L-Trp decreased number of observed fighting when dietary LNAA 

concentration was 4.5%, whereas it increased number of observed fighting when dietary 

LNAA concentration was 3.8%.  

Discussion 

Supplementation of L-Trp and inclusion of L-Trp enriched ingredients in diets has all 

successfully increased hypothalamic 5-HT (Markus et al., 2010; Verschoor et al., 2010; Shen 

et al., 2012).  In this study, we too showed that dietary supplementation of 0.6% L-Trp 

increased the concentration of hypothalamic 5-HT.  Tryptophan competes with LNAA to 
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cross the blood-brain barrier. Dietary strategies regulating the concentrations of plasma 

LNAA was proposed as another major way to manipulate L-Trp availability and 

subsequently 5-HT biosynthesis in the brain (Fernstrom and Wurtman, 1972; Markus et al., 

1998; Pardridge, 1998).  Carbohydrate rich diets which trigger insulin secretion could 

subsequently stimulate uptake of branch chain amino acids by skeletal muscle and reduce 

plasma LNAA. Indeed, a study (Markus et al., 1998) showed that carbohydrate rich diets 

increased the relative ratio of L-Trp:LNAA in plasma, facilitated 5-HT biosynthesis in the 

brain, and improved stress adaptation.  Because typical dietary protein supplements are low 

in L-Trp (1 to 2%) compared with LNAA (about 25%), high protein diets could increase 

plasma LNAA and subsequently decrease hypothalamic 5-HT (Lieberman et al., 1986).  In 

this study, we hypothesized that decreasing dietary concentrations of LNAA from 4.5 to 3.8% 

would increase the L-Trp:LNAA ratio (by ~ 20%) leading to an increased concentration of 

hypothalamic 5-HT.  Some studies have shown that 20 to 40% changes in the ratio of L-

Trp:LNAA could lead to neuroendocrinal changes (Perez-Cruet et al., 1974; Kaye et al., 

1988); whereas, some others achieving only a 20 to 25% increase in L-Trp:LNAA ratio 

observed limited changes in hypothalamic 5-HT (Ashley et al., 1985; Lambert et al., 1995).  

In this study, the concentration of hypothalamic 5-HT was not affected by increasing L-

Trp:LNAA ratio by 20%.  
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One of the main objectives in our study was to evaluate whether reducing dietary LNAA 

would enhance the effects of dietary L-Trp supplementation.  If reducing dietary LNAA 

could enhance the efficiency of L-Trp crossing the blood-brain barrier and promote 

subsequent benefits from L-Trp supplementation on stress response, a lower level of L-Trp 

supplementation may be required for maximized response against stress.  Reducing the 

supplemental level of L-Trp gives an economical advantage in animal practice.  In this study, 

an interaction was observed between L-Trp supplementation and dietary LNAA on feed 

efficiency during the entire study.  Improved feed efficiency by L-Trp supplementation (0.6%) 

was further enhanced by reducing LNAA (from 4.5 to 3.8%).  This indicates the potential 

influence of lowering dietary LNAA on the physiological function of L-Trp. 

Social-mixing is one of several stressors for nursery pigs (Ekkel et al., 1997; Jensen and 

Yngvesson, 1998; Ruis et al., 2000).  Under such stressor, the hypothalamic-pituitary-adrenal 

axis may be stimulated resulting in increased secretion of cortisol (Dinan, 1996; Ekkel et al., 

1997; Jensen and Yngvesson, 1998; Ruis et al., 2000).  Increasing hypothalamic 5-HT has 

been proposed as one way to reduce secretion of cortisol and facilitate stress adaptation 

through negative feedback control of the hypothalamic-pituitary-adrenal axis (Adeola et al., 

1993; Lepage et al., 2003; van Praag, 2004; Lepage et al., 2005).  In this study, pigs in a 

same treatment group were paired together for one day to create social-mixing stress.  
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Following social-mixing stress, an elevated secretion of cortisol was expected.  Dietary L-

Trp supplementation increases synthesis of hypothalamic 5-HT and thus further reduces 

secretion of cortisol.  In this study, concentrations of salivary cortisol were negatively 

correlated with concentrations of hypothalamic 5-HT.  This result was consistent with a 

previous study by Shen et al. (Shen et al., 2012).  However, dietary L-Trp supplementation 

did not affect secretion of salivary cortisol.  Because the inhibitory effect of L-Trp on 

secretion of stress hormone is a secondary effect through changes in hypothalamic 5-HT, a 

longer feeding period of L-Trp supplemented diet may be required in order to show such 

inhibitory effects (Winberg et al., 2001).  

Interestingly, secretion of salivary cortisol was reduced by lowering LNAA only at 2 d 

after social-mixing stress.  Studies have shown that modifying dietary macronutrients can 

change secretion of cortisol (Slag et al., 1981; Markus et al., 1998; Gibson et al., 1999).  A 

high protein diet increased (Slag et al., 1981; Gibson et al., 1999), whereas a carbohydrate-

rich, low protein diet decreased basal secretion of salivary cortisol (Markus et al., 1998).  In 

this study, reduced salivary cortisol by lowering dietary LNAA indicated the potential 

beneficial effects of reducing dietary LNAA on stress response during adaptation period in 

pigs. 

Serotonin plays a major role in social interactions and behavioral responses in humans 
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and animals (Chamberlain et al., 1987; Markus et al., 2000; Lepage et al., 2003; Koopmans 

et al., 2005; Koopmans et al., 2006).  Tryptophan, the precursor of 5-HT, is believed to have 

an inhibitory effect on aggressive behaviors (Eichelman, 1990; Poletto et al., 2010).  

Extensive studies with human, primates, and farm animals also indicated the inhibitory effect 

of L-Trp on aggressive behaviors (Eichelman, 1990; Shea et al., 1990; Volavka et al., 1990; 

Raleigh et al., 1991; Li et al., 2006; Poletto et al., 2010).  However, other studies indicate that 

the inhibitory effect of dietary L-Trp on aggressive behaviors is not always consistent 

(Meunier-Salaun et al., 1991; Seve et al., 1991; Adeola et al., 1993; Shen et al., 2012).  In 

this study, neither dietary L-Trp supplementation nor reducing concentrations of dietary 

LNAA affected aggressive behaviors.  One speculation for this result is that a prolonged 

feeding of L-Trp might be necessary for affecting aggressive behaviors (Koopmans et al., 

2006).  This theory is supported by results from Winberg et al. (Winberg et al., 2001) in 

which rainbow trout received an L-Trp supplemented diet for 3 days did not show reduced 

aggressive behaviors, whereas fish receiving L-Trp supplemented diet for 7 days 

demonstrated reduced aggressive behaviors (Winberg et al., 2001). 

Despite no main effect of L-Trp supplementation and LNAA on behavior, an interaction 

was detected on number of observed fighting behavior.  Supplementation of L-Trp decreased 

number of observed fighting when dietary LNAA concentration was 4.5%, whereas it 
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increased number of observed fighting when dietary LNAA concentration was 3.8%.  One 

possible explanation for this result is that over elevation of 5-HT in the brain may enhance 

behavioral activity.  Insel et al. (Insel et al., 1982) have noted that over production of 5-HT 

correlated with development of hyperreflexia and agitation.  Similarly, in our previous study 

(Shen et al., 2012), increases in production of 5-HT in the brain has been associated with 

changes in physical activity, such as decreases in lying and sitting and increases in drinking.  

Those studies indicate over elevated serotonergic activity may affect behavior of pigs.  

However, the interaction between L-Trp supplementation and LNAA on number of observed 

fighting is not fully understandable at this moment with given data.  Further research is 

required.   

Studies have shown PUN was negatively correlated with the level of stress hormone 

(Shen et al., 2012).  This is consistent with our current findings.  In this study, salivary 

cortisol was negatively correlated with hypothalamic 5-HT.  Thus, L-Trp supplementation 

may reduce PUN potentially through hypothalamic 5-HT and its activity on stress adaptation 

(Hopkins et al., 1995; McDonald and Wood, 2004).  Since the calculated dietary crude 

protein levels were 14.1% higher in diets with 4.5% dietary LNAA than 3.8% dietary LNAA, 

the differences in PUN level between the different levels of LNAA may be simply a result of 

different protein intake.  
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Tryptophan has antioxidative effects against oxidative stress (Katayama and Mine, 

2007; Paredes et al., 2009; Tsopmo et al., 2009).  Oral administration of L-Trp promotes free 

radical scavenging activity, enhances superoxide dismutase activity, and reduces lipid 

peroxidation (Paredes et al., 2009; Tsopmo et al., 2009).  Metabolites of L-Trp such as 

melatonin, 3-hydroxykynurine, and 3-hydroxyanthranilic acid are shown to be antioxidants 

(Christen et al., 1990; Christen et al., 1994; Thomas et al., 1996; Tan et al., 2007; Peyrot and 

Ducrocq, 2008).  In the present study, reduced lipid peroxidation by L-Trp supplementation 

indicates antioxidative effects from L-Trp.  

In conclusion, dietary supplementation of L-Trp at 0.6% improved feed efficiency, 

increased hypothalamic 5-HT after, decreased PUN, and reduced systemic and hypothalamic 

lipid peroxidation. Reducing concentration of dietary LNAA from 4.5 to 3.8% decreased 

secretion of stress hormone.  Lowering LNAA further enhanced the improvement of feed 

efficiency by L-Trp supplementation of nursery pigs under social-mixing stress in association 

with reduced stress hormone in following adaptation period.  Acute L-Trp supplementation 

and reduction of dietary LNAA, however, did not affect aggressive behavior of nursery pigs. 
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Table 1. Ingredient and chemical composition of experimental diets as fed basis
1
 

Item                        LNAA, % 4.5  3.8 

                               L-Trp, % 0.0 0.6  0.0 0.6 

Yellow corn, % 68.3 68.2  74.9 74.8 

Soybean meal, % 28.0 28.0  21.0 21.0 

L-Lys HCl, % - -    0.23   0.23 

DL-Met, % - -    0.07   0.07 

L-Thr, % - -    0.10   0.10 

L-Trp, % -   0.60    0.04   0.64 

L-Ala, %   0.52 -    0.51 - 

Poultry fat, %   1.00   1.00    1.00   1.00 

Vitamin premix
2
, %   0.03   0.03    0.03   0.03 

Mineral premix
3
, %   0.15   0.15    0.15   0.15 

Monocalcium phosphate, %   0.70   0.70    0.70   0.70 

Ground limestone, %   1.00   1.00    1.00   1.00 

Salt, %   0.30   0.30    0.30   0.30 

Total  100  100   100  100 

Calculated composition 
  

 
  

DM, % 89.7 89.7  89.7 89.7 

ME, Mcal/kg       3.38       3.38        3.38       3.38 

Crude protein, % 19.4 19.4  17.0 17.0 

SID
4 

Lys, %   0.90   0.90    0.90   0.90 

SID Met+Cys, %   0.56   0.56    0.56   0.56 

SID Trp, %   0.20   0.79    0.20   0.79 

SID Thr, %   0.61   0.61    0.61   0.61 

SID Val, %   0.79   0.79    0.67   0.67 

SID Ile, %   0.70   0.70    0.59   0.58 

SID Phe, %   0.83   0.83    0.71   0.71 

Ca, %   0.68   0.68    0.68   0.68 

P available, %   0.20   0.20    0.21   0.21 

P total, %   0.51   0.51    0.50   0.49 
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Table 1. Continued. 
1
L-Ala was provided as an isonitrogenous control for L-Trp.  

2 
The vitamin premix provided the following per kilogram of complete diet: 6,613.8 IU of 

vitamin A; 992.0 IU of vitamin D3; 19.8 IU of vitamin E; 2.64 mg of vitamin K; 0.03 mg of 

vitamin B12; 4.63 mg of riboflavin; 18.52 mg of pantothenic acid; 24.96 mg of niacin; 0.07 

mg of biotin.  
3 

The trace mineral premix provided the following per kilogram of complete diet: 4.0 mg 

of Mn as manganous oxide; 165 mg of Fe as ferrous sulfate; 165 mg of Zn as zinc sulfate; 

16.5 mg of Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 0.30 

mg of Se as sodium selenite. 
4
Standardized ileal digestible 
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Table 2. Effects of dietary L-Trp and large neutral amino acid (LNAA) concentrations on growth performance of 6-wk-old 

nursery pigs under social-mixing stress
1, 2 

LNAA, % 4.5  3.8  P-value 

L-Trp, % 0.0 0.6  0.0 0.6 SEM LNAA L-Trp Interaction 

Initial weight, kg   13.0   12.9    13.00   13.0   0.3 NS NS NS 

Final weight, kg   15.1   15.1    14.8   15.5   0.3 NS NS NS 

Body weight gain, g/d 
  

 
  

    

  d 0 to 4 305 324  224 358 23 NS < 0.05 NS 

  d 5 to 7 215 231  200 242 29 NS NS NS 

  d 0 to 4 and d 5 to 7 275 293  216 319 19 NS < 0.05 NS 

Feed intake, g/d 
  

 
      

  d 0 to 4 785 758  803 766 31 NS NS NS 

  d 5 to 7 744 800  796 729 38 NS NS NS 

  d 0 to 4 and d 5 to 7 772 772  801 753 28 NS NS NS 

Feed efficiency, gain:feed 

  

 

  

    

  d 0 to 4     0.38
a
     0.43

a
      0.26

b
     0.47

a
   0.03 NS < 0.01 < 0.05 

  d 5 to 7     0.24     0.27      0.23     0.35   0.04 NS NS NS 

  d 0 to 4 and d 5 to 7     0.35
bc

     0.38
ab

      0.26
c
     0.43

a
   0.02 NS < 0.01 < 0.05 

1
Data are means of 12 barrows. Labeled means for dose without a common letter differ, P ≤ 0.05. 

2
NS, not significant, P > 0.05 
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Table 3. Effects of dietary L-Trp and large neutral amino acid (LNAA) concentrations on serotonin (5-HT) and its metabolite 

(5-HIAA), salivary cortisol concentration, plasma urea nitrogen, and malonedialdehyde of 6-wk-old nursery pigs under social-

mixing stress at different time point 
1, 2 

LNAA, % 4.5  3.8 
 

P-value 

L-Trp, % 0.0 0.6 
 

0.0 0.6 SEM LNAA L-Trp 
Interacti

on 

Serotonin and metabolite
3
, nmol/kg 

tissue   

 

      

  Hypothalamic 5-HT    149   250      180    275     16 NS < 0.001 NS 

  Hypothalamic 5-HIAA  1376 2069    1391 2347   142 NS < 0.001 NS 

  5-HIAA:5-HT   10.9     9.6       9.0     9.5       0.8 NS NS NS 

Salivary cortisol, nmol/L 
  

 
    

 
 

  d 4 

    

5.74 

    

5.27 

 

    5.02     5.63    0.33 

NS NS NS 

  d 7 

    

6.90 

    

6.68 

       

5.66     4.86    0.33 < 0.05 

NS NS 

Plasma urea nitrogen, µmol/L 
  

 
      

  d 4   95.7  80.1    68.9    58.8      3.5 < 0.01 < 0.05 NS 

  d 7 105.9
a
   77.3

b
 

 

 66.6
b
 

   

65.6
b
   3.8 < 0.001 < 0.05 < 0.05 

Malonedialdehyde 

  

 

        d 4 plasma, µmol/L 25.5 19.6  24.8 18.7 1.2 NS < 0.05 NS 

  d 7 hypothalamus, µmol/g protein 31.7 25.0  37.2 24.8 2.1 NS < 0.05 NS 

1
Data are means of 12 barrows. Labeled means for dose without a common letter differ, P ≤ 0.05. 

2
NS, not significant, P > 0.05 

3
Expressed on the basis of hypothalamic tissue weight  
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Table 4. Effects of dietary L-Trp and large neutral amino acid (LNAA) concentrations on activities and aggressive behavior  

of 6-wk-old nursery pigs under social-mixing stress
1, 2

 

Item LNAA, % 4.5  3.8 
 

P-value 

 
L-Trp, % 0.0 0.6 

 
0.0 0.6 SEM LNAA 

L-

Trp 

Interacti

on 

Activities
3
 Lying, %    80.7   81.9  82.8   80.3    1.25 NS NS NS 

 Sitting, %     0.3     0.2    0.5     0.3    0.08 NS NS NS 

 Eating, %      9.5     9.5    9.5    11.5    1.01 NS NS NS 

 Standing, %      7.9     7.3    6.3      6.9    0.61 NS NS NS 

 Drinking, %      1.5     1.1    0.9      1.1    0.15 NS NS NS 

Fighting
4
 No. of observed, n    11.7

a
     2.5

ab
    1.8

b
       9.8

ab
     2.2 NS NS < 0.05 

 Total duration, s    127    65      99    256 77.5 NS NS NS 

 
Average duration, 

s 
    7.6 36.2  28.7   24.1 12.9 NS NS NS 

Aggression
3
 No. of observed, n   11.3   6.6   7.8     9.6     2.1 NS NS NS 

1
Behavioral activities (Lying, sitting, eating, standing, and drinking) were measured every other hour from 0800 to 2200 h 

on d 4 after mixing. Aggressive behavior was measured from 0800 to 1400 h on d 4 after mixing. Data were subjected to 

square root transformation prior to ANOVA. Labeled means for dose without a common letter differ, P ≤ 0.05. 
2
NS, not significant, P > 0.05 

3
Data are means of 12 barrows.

  

4
Data are means of 6 pairs of barrows. 
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CHAPTER 4 

EFFECTS OF SHORT TERM SUPPLEMENTATION OF L-TRYPTOPHAN AND 

REDUCING LARGE NEUTRAL AMINO ACID ALONG WITH L-TRYPTOPHAN 

SUPPLEMENTATION ON GROWTH AND STRESS RESPONSE IN PIGS 
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Abstract: Two experiments were conducted to evaluate the effects of short term dietary  

supplementation of L-Trp and reducing large neutral amino acid (LNAA; valine, leucine, 

isoleucine, tyrosine, and phenylalanine) along with L-Trp supplementation on growth and 

stress response in nursery and growing pigs.  In Exp. 1, 674 crossbred pigs in 40 pens at 9 

week of age were randomly allotted to 2 dietary treatments with supplementation of 0.0% 

and 0.8% L-Trp to a corn and soybean meal basal diet.  Experimental period was composed 

of 5 days in nursery and 7 days in finisher.  After 12 days feeding of experimental diets, pigs 

were provided a common diet for an additional 7 days.  In Exp. 2, 108 crossbred barrows at 6 

week of age were randomly allotted to 3 dietary treatments: (1) a corn soybean meal basal 

diet (4.5% LNAA) supplemented with 0.0% L-Trp; (2) a corn soybean meal basal diet (4.5% 

LNAA) supplemented with 0.8% L-Trp; (3) a reduced LNAA (3.8%) diet supplemented with 

0.7% L-Trp, which had the same Trp:LNAA ratio as treatment 2.  The experimental period 

last 16 days.  In Exp. 1, during the entire period, pigs fed a diet supplemented with 0.8% L-

Trp had increased ADG and G:F (P < 0.05 and P < 0.01, respectively) compared with pigs 

fed a diet without L-Trp supplementation.  On day 6, one day after mixing, pigs fed a diet 

supplemented with 0.8% L-Trp had a lower (P = 0.05) concentration of salivary cortisol 

compared with pigs fed a diet without L-Trp supplementation.  In Exp. 2, during the entire 

period, pigs fed a diet supplemented with 0.8% L-Trp or a reduced LNAA diet supplemented 
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with 0.7% L-Trp had increased G:F (P < 0.01) compared with pigs fed the diet without L-Trp 

supplementation.  Weight gain and G:F were similar (P > 0.05) between pigs fed a diet 

supplemented with 0.8% L-Trp and pigs fed a reduced LNAA diet supplemented with 0.7% 

L-Trp.  In conclusion, short term supplementation of 0.8% L-Trp improved growth 

performance of pigs during period of social-mixing and relocation stress in association with 

reduced stress hormone concentrations.  Dietary supplementation of 0.8% L-Trp had similar 

effects on feed efficiency as a reduced LNAA diet supplemented with 0.7% L-Trp, 

suggesting lowering LNAA may be a effective method of reducing levels of L-Trp 

supplementation required for mitigating stress response.   

Key words: growth, large neutral amino acid, pigs, stress, tryptophan 
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Introduction 

Stress occurs at many points in the life of the pig (Adeola and Ball, 1992).  Tryptophan 

has a potential role in facilitating stress adaptation of animals and human through increasing 

hypothalamic serotonin (5-Hydroxytryptamine, 5-HT) level (Koopmans et al., 2005; 

Koopmans et al., 2006; Shen et al., 2012a).  Previous studies have shown that dietary 

supplementation of high levels of L-Trp improved growth performance (Shen et al., 2012a), 

reduced secreation of stress hormones (Adeola et al., 1993; Lepage et al., 2003; Koopmans et 

al., 2005), alleviated aggressive behaviors (Poletto et al., 2010), and regulated mood and 

appetite (Markus et al., 2000; Zhang et al., 2007).  However, high cost has limited the 

functional application of L-Trp to reduce stress in the animal production.  

The current study tested practical ways of applying a high L-Trp supplementation in 

swine diets.  Firstly, we hypothesized that a short term supplementation of high level of L-

Trp right before and during social-mixing and relocation stress can mitigate stress response 

and improve growth of pigs. Secondly, because Trp competes with the other large neutral 

amino acids (LNAA; valine, leucine, isoleucine, tyrosine, and phenylalanine) to cross the 

blood-brain barrier via the L-type amino acid carrier (Pardridge, 1998; Markus et al., 2000), 

we hypothesized that lowering dietary LNAA may allow pigs to respond to L-Trp at a lower 

level of supplementation and consequently reduced the usage of supplemental L-Trp.  
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Therefore, the objectives of the current study were to test the effectiveness of short term 

supplementation of high level of L-Trp and reducing LNAA along with a lower L-Trp 

supplementation on growth performance and stress response of pigs facing social-mixing and 

relocation stress.  

Materials and Methods 

Two experiments were conducted to evaluate the effect of L-Trp supplementation on 

stress response of nursery pigs.  The first experiment was carried out on a commercial farm 

at Murphy Brown LLC. (Rosehill, NC).  The second experiment was completed at the swine 

education unit of North Carolina State University (Raleigh, NC).  Experimental protocols 

were approved by the Institutional Animal Care and Use Committee at North Carolina State 

University. 

Experiment 1 

Six hundred seventy four crossbred pigs (25.8 ± 2.2 kg; Smithfield Premium Genetics, 

Roanoke Rapids, NC) in 40 pens at 9 weeks of age were used in this study.  Pigs in pens 

were randomly allotted to 2 treatments as a randomized complete block design: 1) dietary 

supplementation of 0.0% L-Trp to a corn and soybean meal basal diet containing 0.19% Trp; 

or 2) dietary supplementation of 0.8 % L-Trp to a corn and soybean meal basal diet 

containing 0.19% Trp.  The BW of pigs was the block factor.  Experimental period was 
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composed of 5 days in nursery and 7 days in finisher.  After 12 days feeding of experimental 

diets, pigs were provided a common diet for additional 7 days.  A common grower diet 

contained 3.47 ME Mcal/kg, 19.4% CP, and 1.16 % total Lys. In this experiment, 2 

neighboring pens shared a common multiple-hole self-feeder.  Thus, 2 neighboring pens were 

the experimental unit (n = 10 per treatment).  Each pen had 14 to 19 pigs.  Pigs in each pen 

were randomly divided into 2 sub-groups and were marked on their back using a marker to 

identify their sub-groups in 2 neighboring pens.  Pigs in 2 neighboring pens, therefore, were 

able to be divided into 4 sub-groups.  During the first 5 days, there was no stress instigated to 

the pigs to ensure the accumulation of hypothalamic 5-HT prior to social-mixing and 

relocation stress (Adell et al., 1988; Shen et al., 2012a).  On day 5, pigs were transferred 

from the nursery building to a finishing building.  Four sub-groups from the 2 neighboring 

pens in each experimental unit were randomly selected and switched to create social-mixing 

stress upon arrival at the finishing building.  On day 8, pigs were mixed again by rotating the 

pairing sub-groups.  All pens were equipped with two nipple drinkers.  Pigs had free access 

to water and diets.  Body weight and feed intake were measured on day 0, 5, 8, 12, and 19.  

Supplementation of 0.8% L-Trp was determined based on a previous study by Shen et 

al. (2012b) showing the beneficial effects of L-Trp supplementation on nursery pigs under 

social-mixing stress maximized at 0.8% when Trp:LNAA ratio was 0.22.  Basal diet in Exp.1 
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contained 4.3% LNAA.  Dietary supplementation of 0.0 or 0.8 % L-Trp brought Trp:LNAA 

ratio to 0.04 or 0.23%, respectively.  Lys, Met, Trp, and Thr were supplemented in order to 

ensure all essential amino acids in the diet met the nutritional requirement of pigs (NRC, 

1998).  Both diets were isonitrogenous using L-Ala as a non-specific N source, and dietary 

composition is summarized in Table 1.  L-Ala is commonly used as a non-specific N source 

since it is neither toxic nor has a biological function but rather is extensively catabolized 

(Kim and Wu, 2004; Shen et al., 2012a).  

Saliva was collected from randomly selected 2 pigs in each pen using cotton gauze on 

day 4 and 6 to measure cortisol concentration.  Pigs were introduced and trained with cotton 

gauze at the beginning of this experiment to ensure the saliva collection procedure during the 

experiment period would not disturb the stress condition of the pigs (Shen et al., 2012a; Shen 

et al., 2012b).  Cotton gauze chewed by a pig for approximately 1 min was used to collect 

saliva.  Gauzes were then placed in tubes on ice until centrifugation at 1,500 x g for 10 min at 

4°C to separate saliva from the gauze.  Saliva samples were stored in -80
o
C until analysis. 

Experiment 2 

One hundred and eight crossbred barrows (11.7 ± 0.2 kg) at 6 week of age were 

randomly allotted to 3 dietary treatments.  Treatments were: (1) a corn soybean meal basal 

diet with 4.5% LNAA concentration supplemented with 0.0% L-Trp (Trp:LNAA ratio was 
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0.04) ; (2) a corn soybean meal basal diet with 4.5% LNAA concentration supplemented with 

0.8% L-Trp (Trp:LNAA ratio was 0.22); and (3) a reduced LNAA (3.8%) diet supplemented 

with 0.7% L-Trp, which had the same Trp:LNAA ratio as treatment 2 (Trp:LNAA ratio was 

0.22).  Each treatment had 12 pens with 3 pigs per pen.  The amount of supplemental L-Trp 

was decided based on Exp. 1 and a previous study by Shen et al. (2012b) showing the 

beneficial effects of L-Trp supplementation maximized at 0.8% when Trp:LNAA ratio was 

0.22.  In the current study, dietary LNAA was reduced from 4.5 to 3.8% to examine if 

lowering dietary LNAA along with 0.7% L-Trp supplementation could have similar 

beneficial effects on stress responses to the effects of 0.8% L-Trp with normal LNAA 

concentration.  Previously, we have shown lowering LNAA further enhanced the 

improvement of feed efficiency by L-Trp supplementation of nursery pigs under social-

mixing stress in association with reduced stress hormone (Shen et al., 2012b).  The 

supplemental level of L-Trp for maximized beneficial effects of mitigating the stress might 

be reduced by lowering LNAA concentrations, which gives an economical advantage to this 

method.  Because LNAA accounts for a large portion (about 25%) of dietary protein in the 

diet whereas L-Trp is only about 1 to 2%, reducing dietary concentration of LNAA from 4.5 

to 3.8% was done by reducing the crude protein (Lieberman et al., 1986).  Lys, Met, Trp, and 

Thr were supplemented in order to ensure all essential amino acids in the diet met the 
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nutritional requirement of pigs (NRC, 1998).  Isonitrogenous diets were formulated between 

treatments with 4.5% LNAA concentration by using L-Ala. The dietary composition is 

summarized in Table 2. 

After weaning, pigs were housed with littermates in the nursery pens for 3 weeks.  At 

the beginning of the current experiment, pigs with similar body weights from different litters 

were regrouped and relocated to pens in different nursery rooms to create social-mixing 

stress.  The experimental period was 16 days. Pens (1.73 x 0.83 m) with metal screen floor 

were equipped with one nipple drinker and one two-hole self-feeder.  Pigs had free access to 

feed and water. Body weight and feed intake were measured on day 0, 4, 8, 12, and 16.  

Blood samples and saliva were collected via jugular vein from the median body weight pig in 

each pen on day 4 and 16. Blood (10 mL) was collected in vacutainers (BD, Franklin Lakes, 

NJ) containing EDTA.  Plasma was obtained by centrifugation (1,500 x g at 4°C for 10 min) 

and frozen at -80°C until analyzed for plasma urea nitrogen (PUN) concentration.  Saliva was 

collected using cotton gauze for measuring cortisol level as previously described in Exp. 1.   

Laboratory Analysis  

Cortisol concentrations in saliva were determined using a commercial RIA kit 

(Diagnostic Products Corp., Los Angeles, CA) modified for the pig (Hicks et al., 1998).  All 

samples were tested in duplicate. Intra and inter assay CV were 4.4 and 4.0%, respectively.  
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Plasma urea nitrogen was determined using a urea nitrogen kit (Stanbio Laboratory, Boeme, 

TX), which allowed for direct measurement of urea (Sampson et al., 1980).  All samples 

were tested in duplicate. Intra and inter assay CV were 2.9 and 3.0%, respectively. 

Statistical Analysis 

Exp. 1. Data for growth performance and salivary cortisol were analyzed using the 

General Linear Model (PROC GLM) of SAS (SAS Inst. Inc., Cary, NC, USA) following a 

randomized complete block design.  Two neighboring pens were the experimental unit (n = 

10 per treatment).  The main effect was L-Trp, and body weight group was the block.  

Statistical differences were considered significant with P < 0.05, and P < 0.10 was used as 

the criteria for tendency. Exp. 2.  All data were analyzed using PROC GLM of SAS 

following a completely randomized design with dietary treatment as a main effect.  Pen was 

the experimental unit. Statistical differences among treatments were determined by the 

PDIFF option of the LSMEANS statement in GLM procedure.  Statistical differences were 

considered significant with P < 0.05, and P < 0.10 was used as the criteria for tendency.  

Results 

Experiment 1 

During the first 5 days when pigs were still in the nursery facility, ADG and G: F were 

not affected (P > 0.05) by dietary supplementation of 0.8% L-Trp.  However, during the first 
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mixing period (from day 5 to 8), pigs fed a diet supplemented with 0.8% L-Trp had increased 

ADG and G:F (P < 0.05 and P < 0.01, respectively; Table 3) compared with pigs fed a diet 

without L-Trp supplementation.  Overall, during the entire period, pigs fed a diet 

supplemented with 0.8% L-Trp had increased ADG and G:F (P < 0.05 and P < 0.01, 

respectively) compared with pigs fed a diet without L-Trp supplementation.  On day 4 when 

pigs were still in the nursery facility, dietary L-Trp supplementation did not affect (P > 0.05) 

salivary cortisol level (Table 4).  However, on day 6 which was one day after mixing, pigs 

fed a diet with 0.8% L-Trp had a lower (P = 0.05) concentration of salivary cortisol  

compared with pigs fed a diet without L-Trp supplementation.  

Experiment 2 

During the first 4 days, pigs fed a diet supplemented with 0.8% L-Trp had increased 

ADG and G:F (P < 0.01 and P < 0.01, respectively; Table 5) compared with pigs fed a diet 

without L-Trp supplementation.  Pigs fed a reduced LNAA diet supplemented with 0.7% L-

Trp had increased ADG and G:F (P < 0.01 and P < 0.01, respectively) compared with pigs 

fed a diet without L-Trp supplementation.  ADG and G:F did not differ (P > 0.05) between 

pigs fed a diet supplemented with 0.8% L-Trp and pigs fed a reduced LNAA diet 

supplemented with 0.7% L-Trp.  From day 8 to 12, pigs fed a diet supplemented with 0.8% 

L-Trp had reduced feed intake (P < 0.05) compared with pigs fed a diet without L-Trp 
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supplementation.  Overall, during the entire period, pigs fed a diet supplemented with 0.8% 

L-Trp had increased G:F (P < 0.01) compared with pigs fed a diet without L-Trp 

supplementation.  Pigs fed a reduced LNAA diet supplemented with 0.7% L-Trp had 

increased G:F (P < 0.01) compared with pigs fed a diet without L-Trp supplementation.  

ADG and G:F did not differ (P > 0.05) between pigs fed a diet supplemented with 0.8% L-

Trp and pigs fed a reduced LNAA diet supplemented with 0.7% L-Trp. 

On day 4, pigs fed a diet with 0.8% L-Trp supplementation and those fed a reduced 

LNAA diet supplemented with 0.7% L-Trp had lower (P < 0.01) concentrations of salivary 

cortisol compared with pigs fed a diet without L-Trp supplementation (Table 6).  Pigs fed a 

diet with 0.8% L-Trp supplementation and pigs fed a reduced LNAA diet supplemented with 

0.7% L-Trp had lower (P < 0.01) concentrations of PUN compared with pigs fed a diet 

without L-Trp supplementation.  On day 16, pigs fed a reduced LNAA diet supplemented 

with 0.7% L-Trp also had a lower (P < 0.01) concentration of PUN compared with pigs fed a 

diet without L-Trp supplementation and pigs fed a diet supplemented with 0.8% L-Trp. 

Discussion 

Pigs are social animals and a stable social structure is key to maintaining their 

performance and welfare (Morgan and Tromborg, 2007).  However, disturbances of the social 

structure with grouping, regrouping and relocation of animals are common husbandry 
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practices (Bornett et al., 2000; Brumm et al., 2002).  Social stress from mixing seems to have 

a strong negative effect on growth performance, health status, and animal welfare (Tan and 

Shackleton, 1990; Shen et al., 2012a).  In addition, the response of pigs to environmental 

changes after relocation to new facilities could also result in a decline of growth (Brumm et 

al., 2002). 

Several methods have been tested for controlling or lessening the negative response of 

pigs to those stresses (Tan and Shackleton, 1990; Hasty et al., 2002; Peeters et al., 2004; 

Apple et al., 2005; Peeters et al., 2005; Peeters et al., 2006; Li et al., 2011).  Those methods 

include pharmaceutics, management, and nutritional strategies. Using tranquilizers like 

azaperone has had only limited success (Tan and Shackleton, 1990), as do management 

strategies such as using physical barriers (McGlone and Curtis, 1985) and mixing during 

darkness (Barnett et al., 1996).  On the contrary, nutritional manipulation seems to be more 

promising.  Previously, several studies have reported decreased cortisol concentrations in 

pigs by short-term and long-term Mg supplementation (Kietzmann and Jablonski, 1985; 

Otten et al., 1995).  Peeters et al. (2004) showed vitamin E could effectively relax pigs and 

reduce salivary cortisol levels.  

Tryptophan is an indispensable amino acid for animals. Tryptophan is a precursor for 

5-HT synthesis, and can facilitate stress adaptation of animals through increasing 
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hypothalamic 5-HT (Markus et al., 2000; Shen et al., 2012b).  Increased hypothalamic 5-HT 

can benefit stress response and growth performance of farm animals by reducing the 

secretion of stress hormones (Adeola et al., 1993; Lepage et al., 2003; Koopmans et al., 

2005), alleviating aggressive behaviors (Poletto et al., 2010), and regulating mood and 

appetite (Markus et al., 2000; Zhang et al., 2007).  Previously, studies have shown dietary L-

Trp supplementation reduced concentration of salivary cortisol and mitigated stress response 

of pigs (Lepage et al., 2003; Koopmans et al., 2005; Shen et al., 2012a).  Reduced secretion 

of cortisol by L-Trp supplementation has also been confirmed in other species (Markus et al., 

2000; Lepage et al., 2003).  However, the supplementation of L-Trp for managing stress 

response of pigs is limited because of the high cost. 

The results of Exp. 1 demonstrated that short term supplementation of 0.8% L-Trp 5 

days before and during social-mixing and relocation stress reduced secreation of stress 

hormone and improved growth performance of pigs. This is consistent with a study reported 

by Peeters et al. (2005), indicating that supplementation of 0.5% L-Trp for 5 days before 

vibration stress reduced salivary cortisol and mitigated stress resoponse of pigs.  The current 

results suggested that short term (5 days before stress) supplementation of 0.8% L-Trp was 

effective for mitigating stress response.  This was supported by previous studies that showed 

hypothalamic 5-HT peaked 5 days after introducing feed supplemented with L-Trp (Adeola 
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and Ball, 1992).  The benefical effects of L-Trp supplementation on growth during mixing 

period were carried over to the end of the experiement, and not affected by withdrawing 

supplemental L-Trp.  Improved growth performance during the entire experimental period 

further indicated short term supplementation of L-Trp was effective to mitigate stress 

response of pigs facing social-mixing and relocation stress.  In Exp.2, pigs were introduced 

to L-Trp fortified feed in the beginning of the study and were not allowed a preloading of L-

Trp before stress.  Improved growth along with reduced salivary cortisol level was observed 

on day 4.  This is consistent with our previous data, showing that dietary supplementation of 

L-Trp improved growth of pigs with isolation stress during first 5 days of experiement even 

without preloading L-Trp (Shen et al., 2012a).  However, studies with rainbow trout have 

shown that dietary supplementation with L-Trp for 7 days before mixing-stress resulted in an 

inhibition of aggressive behavior and a reduced secretion of stress hormones, whereas 3 days 

of L-Trp supplementation before mixing-stress have no effects (Winberg et al., 2001; Lepage 

et al., 2003).  Li et al. (2011) shown dietary supplementation of L-Trp (0.29%) at 2.3 times of 

the control amount for 3 days prior social stress did not effectively reduce aggression of 

gestation sows at mixing.  Therefore, the necessity and the amount of time for short term 

supplementation of L-Trp before mixing on controlling stress of pigs facing stress need to be 

further addressed.  
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Lowering LNAA could enhance the efficiency of L-Trp crossing the blood-brain 

barrier and promote subsequent benefits of L-Trp supplementation on stress response 

(Pardridge, 1998; Markus et al., 2000; Shen et al., 2012b).  Therefore, the supplemental level 

of L-Trp for maximized beneficial effects might be reduced by lowering LNAA 

concentrations.  Interestingly, in Exp. 2, pigs fed a reduced LNAA diet supplemented with 

0.7% L-Trp had a similar effect on growth performance as pigs fed a diet supplemented with 

0.8% L-Trp.  The results suggested the potential influence of lowering dietary LNAA on the 

physiological function of L-Trp.  These data are consistent with our previous study, which 

showed that lowering LNAA further enhanced the improvement of feed efficiency by L-Trp 

supplementation of nursery pigs under social-mixing stress (Shen et al., 2012b).  Reducing 

LNAA along with a lower dietary L-Trp supplementation effectively mitigated the stress 

response of pigs facing social-mixing and relocation and might reduced the usage of 

supplemental L-Trp.  

One possible explanation for the improved growth performance in the current study 

might be reduced stress response, as the reduced salivary cortisol level was observed in both 

experiments.  Pigs react to the breaking of social hierarchy with altered behavior and changes 

to the neuroendocrine system (Deguchi and Akuzawa, 1998; Koopmans et al., 2006; Shen et 

al., 2012a).  Stimulation of the hypothalamic-pituitary-adrenocortical axis and subsequently 
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release of cortisol is a well-documented consequence of social-mixing and relocation stress 

(Deguchi and Akuzawa, 1998).  This overstimulation can have a negative effect on growth 

performance (Shen et al., 2012a).  Reduced concentration of salivary cortisol by short term 

supplementation of 0.8% L-Trp indicated reduced stress response and might be the reason for 

the improved growth performance in Exp.1.  In Exp. 2, pigs fed a reduced LNAA diet 

supplemented with 0.7% L-Trp also had similar salivary cortisol concentrations as pigs fed 

the diet supplemented with 0.8% L-Trp on day 4.  The concentrations of salivary cortisol in 

both groups were lower than pigs fed the diet without L-Trp supplementation.  Reduced 

concentration of salivary cortisol on day 4 by 0.8% L-Trp supplementation or reducing 

LNAA along with 0.7% L-Trp supplementation indicated reduced stress response and might 

also be the reason for the improved growth performance in Exp.2.  This result also validated 

the potential influence of lowering dietary LNAA on the effect of L-Trp.  

PUN, a waste product of protein breakdown, has been shown positively associated with 

stress (McDonald and Wood, 2004).  Pigs fed a diet supplemented with 0.8% L-Trp had a 

reduced PUN on day 4 compared with pigs fed the diet without L-Trp supplementation, 

suggesting mitigated stress response by 0.8% L-Trp supplementation.  Surprisingly, pigs fed 

a reduced LNAA diet supplemented with 0.7% L-Trp had lower PUN than pigs fed the diet 

supplemented with 0.8% L-Trp.  This may be due to the 0.7% L-Trp supplemented reduced 
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LNAA diet had a lower protein level compared with 0.8% L-Trp supplemented diet (Shen et 

al., 2012b).   

In conclusion, short term supplementation of 0.8% L-Trp improved growth 

performance of pigs under social-mixing stress in association with reduced salivary cortisol 

concentrations.  When a Trp:LNAA ratio was kept constant, lowering dietary LNAA 

concentration from 4.5% to 3.8% did not affect the degree of improvement in feed efficiency, 

suggesting that the response to social stress can be improved even at a lower dietary L-Trp 

supplementation when dietary LNAA concentration is reduced at a constant ratio.  A short 

term supplementation of L-Trp with a reduced dietary LNAA level might be an economical 

way to apply the functional role of L-Trp on managing stress responses.  
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Table 1. Ingredient and chemical composition of transition diets for Exp. 1, as fed basis
1
 

 
Dietary L-Trp supplementation, % 

Item 0.0 0.8 

Ingredient 
  

Yellow corn                   66.14               66.00 

Soybean meal                   26.70               26.75 

L-Lys HCl 0.39 0.38 

DL-Met 0.08 0.08 

L-Thr 0.16 0.16 

L-Trp 0.00 0.80 

L-Ala 0.70 0.00 

Poultry fat 3.00 3.00 

Vitamin premix
2
 0.03 0.03 

Mineral premix
3
 0.15 0.15 

Monocalcium phosphate 1.20 1.20 

Ground limestone 1.10 1.10 

Salt 0.30 0.30 

Aureomycin 50 0.05 0.05 

Total                 100              100 

Calculated composition
4
 

  
DM, %                    90.04                90.05 

ME, Mcal/kg 3.47 3.47 

CP, %                   19.40                19.40 

SID
5
 Lys, % 1.17 1.16 

SID Met + Cys, % 0.62 0.62 

SID Trp, %             0.19 (0.21)*            0.98 (0.97)* 

SID Thr, % 0.74 0.75 

SID Val, % 0.76 0.76 

SID Ile, % 0.67 0.67 

SID Leu, % 1.47 1.47 

SID Phe, % 0.80 0.80 

SID Phe + Tyr, % 1.38 1.38 

Ca, % 0.84 0.84 

P available, % 0.32 0.32 

P total, % 0.62 0.62 

SID LNAA
6
, %            4.29 (4.08)*            4.29 (4.02)* 

SID Trp:SID LNAA            0.04 (0.05)*            0.23 (0.24)* 
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Table 1. Continued. 
1
L-Ala was provided as an isonitrogenous control for L-Trp. 

2 
The vitamin premix provided the following per kilogram of complete diet: 6,613.8 IU of 

vitamin A; 992.0 IU of vitamin D3; 19.8 IU of vitamin E; 2.64 mg of vitamin K; 0.03 mg of 

vitamin B12; 4.63 mg of riboflavin; 18.52 mg of pantothenic acid; 24.96 mg of niacin; 0.07 

mg of biotin.  
3 

The trace mineral premix provided the following per kilogram of complete diet: 4.0 mg 

of Mn as manganous oxide; 165 mg of Fe as ferrous sulfate; 165 mg of Zn as zinc sulfate; 

16.5 mg of Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 0.30 

mg of Se as sodium selenite. 
4
Caculated from NRC (1998). 

5
Standardized ileal digestible 

6
Large neutral amino acid (LNAA) includes valine, leucine, isoleucine, tyrosine, and 

phenylalanine. 
*
Analyzed value  
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Table 2. Ingredient and chemical composition of diets for Exp. 2, as fed basis
1
 

LNAA, % 4.5  4.5  3.8 

Supplemental L-Trp, % 0.0  0.8  0.7 

Ingredient 
   

Yellow corn      68.12       68.02     74.61 

Soybean meal      28.00       28.00     21.00 

L-Lys HCl        0.00         0.00        0.23 

DL-Met        0.00         0.00        0.07 

L-Thr        0.00         0.00        0.10 

L-Trp        0.00         0.80        0.71 

L-Ala        0.70         0.00        0.00 

Poultry fat        1.00         1.00        1.00 

Vitamin premix
2
        0.03         0.03        0.03 

Mineral premix
3
        0.15         0.15        0.15 

Monocalcium phosphate        0.70         0.70        0.80 

Ground limestone        1.00         1.00        1.00 

Salt        0.30         0.30        0.30 

Total    100    100    100 

Calculated composition
4
 

 
DM, %     89.70     89.71      89.68 

ME, Mcal/kg       3.39        3.40        3.40 

CP, %     19.64      19.62     17.11 

SID
5
 Lys, %       0.90        0.90        0.90 

SID Met + Cys, %       0.56        0.56        0.56 

SID Trp, %    0.20 (0.21)
*
        0.99 (0.96)

*
        0.86 (0.86)

*
 

SID Thr, %       0.61        0.61        0.61 

SID Val, %       0.79        0.79        0.67 

SID Ile, %       0.70        0.70        0.58 

SID Leu, %       1.53        1.53        1.36 

SID Phe, %       0.83        0.83        0.71 

SID Phe + Tyr, %       1.44        1.44        1.22 

Ca, %       0.68        0.68        0.68 

P available, %       0.20        0.20        0.21 

P total, %       0.51        0.51        0.50 

SID LNAA
6
, %       4.46 (4.50)

*
        4.46 (4.35)

*
        3.83 (3.90)

*
 

SID Trp:SID LNAA    0.04 (0.05)
*
        0.22 (0.22)

*
        0.22 (0.22)

*
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Table 2. Continued. 
1
Dietary

 
treatments were: (1) a corn soybean meal basal diet with 4.5% LNAA 

concentration supplemented with 0.0% L-Trp; (2) a corn soybean meal basal diet with 4.5% 

LNAA concentration supplemented with 0.8% L-Trp; (3) a reduced LNAA (0.38%) diet 

supplemented with 0.7% L-Trp.  
2 

The vitamin premix provided the following per kilogram of complete diet: 6,613.8 IU of 

vitamin A; 992.0 IU of vitamin D3; 19.8 IU of vitamin E; 2.64 mg of vitamin K; 0.03 mg of 

vitamin B12; 4.63 mg of riboflavin; 18.52 mg of pantothenic acid; 24.96 mg of niacin; 0.07 

mg of biotin.  
3 

The trace mineral premix provided the following per kilogram of complete diet: 4.0 mg 

of Mn as manganous oxide; 165 mg of Fe as ferrous sulfate; 165 mg of Zn as zinc sulfate; 

16.5 mg of Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 0.30 

mg of Se as sodium selenite. 
4
Caculated from NRC (1998). 

5
Standardized ileal digestible 

6
Large neutral amino acid (LNAA) includes valine, leucine, isoleucine, tyrosine, and 

phenylalanine. 
*
Analyzed value   
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Table 3. Effect of short term (5 d before stress) supplementation of L-Trp on growth 

performance of pigs under social mixing and transition stress for Exp. 1
1
 

 
Dietary L-Trp supplementation, % 

  
Item 0.0 0.8 SEM P-Value 

Initial BW, kg     25.92      25.68 1.21 0.20 

ADG, g 
    

d 0 to 5    463    477 30 0.75 

d 5 to 8    549    669 29 0.02 

d 8 to 12    543    572 31 0.54 

d 12 to 19    782    830 28 0.26 

d 0 to 19    611    657 11 0.02 

ADFI, g 
    

d 0 to 5    950    933 12 0.37 

d 5 to 8    988    999 38 0.84 

d 8 to 12    831    872 28 0.31 

d 12 to 19  1194  1207 21 0.68 

d 0 to 19  1021  1032 15 0.61 

G:F 
    

d 0 to 5 0.488 0.511 0.028 0.56 

d 5 to 8 0.558 0.690 0.020 < 0.01 

d 8 to 12 0.657 0.708 0.052 0.51 

d 12 to 19 0.657 0.692 0.019 0.22 

d 0 to 19 0.603 0.646 0.006 < 0.01 
1
A set of two pens with 14 to 19 pigs per pen was considered as an experimental unit 

(n=10). 
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 Table 4. Effect of short term (5 d before stress) supplementation of L-Trp on salivary 

cortisol of pigs under social mixing and transition stress for Exp. 1
1
 

 
Dietary L-Trp supplementation, % 

  
Item 0.0 0.8 SEM P-Value 

Salivary cortisol, ng/mL 
    

d 4 5.15 5.43 0.20 0.34 

d 6 2.79 2.06 0.23 0.05 
1
One pigs was randomly selected in each pen for collecting saliva (n=20). Same pigs 

were used on d 4 and d 6.   
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Table 5. Effects of L-Trp supplementation and reducing LNAA along with a lower L-Trp 

supplementation on growth performance of pigs for Exp.2
1, 2

 

Supplemental L-Trp:LNAA 0.0:4.5  0.8:4.5  0.7:3.8 SEM P-value 

Trp:LNAA, %   0.04    0.22    0.22 

Initial BW, kg      11.80     11.70     11.73 0.25 0.99 

Final BW, kg      19.52     19.60     19.70 0.35 0.98 

ADG, g 
     

d 0 to 4   320
a
   416

b
   409

b
    14 < 0.01 

d 4 to 8   428   414   397    19 0.80 

d 8 to 12   544   517   563    16 0.51 

d 12 to 16   638   627   623    19 0.95 

d 0 to 16   483   493   498      9 0.78 

ADFI, g 
     

d 0 to 4   795   778   763   16 0.73 

d 4 to 8   878   875   881   20 0.99 

d 8 to 12 1079
a
   948

b
 1016

ab
   19 0.01 

d 12 to 16 1234 1125 1230   31 0.27 

d 0 to 16   996   932   973   18 0.33 

G:F 
     

d 0 to 4 0.402
a
    0.532

b
     0.540

b
 0.016 < 0.01 

d 4 to 8 0.486   0.473   0.450 0.017 0.69 

d 8 to 12 0.507   0.546   0.536 0.014 0.53 

d 12 to 16 0.515   0.564   0.501 0.015 0.21 

d 0 to 16 0.486
a
   0.530

b
    0.512

b
 0.006 < 0.01 

a,b
Means in the same row with different superscripts differ (P < 0.05). 

1
n=12 pens with 3 pigs per pen. 

2
Dietary

 
treatments were: (1) a corn soybean meal basal diet with 4.5% LNAA 

concentration supplemented with 0.0% L-Trp; (2) a corn soybean meal basal diet with 4.5% 

LNAA concentration supplemented with 0.8% L-Trp; (3) a reduced LNAA (0.38%) diet 

supplemented with 0.7% L-Trp.   
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Table 6. Effects of L-Trp supplementation and reducing LNAA along with a lower L-Trp 

supplementation on salivary cortisol level and plasma urea nitrogen of pigs for Exp. 2
1, 2

 

Supplemental L-Trp:LNAA 0.0:4.5  0.8:4.5  0.7:3.8 SEM P-value 

Trp:LNAA, %   0.04    0.22    0.22 

Salivary cortisol, ng/mL      

d 4       2.94
a
       1.91

b
       1.70

b
     0.27 < 0.01 

d 16      2.31      1.45      2.10     0.34    0.20 

Plasma urea nitrogen, µg/mL      

d 4 70
a
 56

b
 35

c
 3 < 0.01 

d 16 66
a
 61

a
 36

b
 3 < 0.01 

a,b
Means in the same row with different superscripts differ (P < 0.05). 

1
n=12 pens. 

2
Dietary

 
treatments were: (1) a corn soybean meal basal diet with 4.5% LNAA 

concentration supplemented with 0.0% L-Trp; (2) a corn soybean meal basal diet with 4.5% 

LNAA concentration supplemented with 0.8% L-Trp; (3) a reduced LNAA (0.38%) diet 

supplemented with 0.7% L-Trp.   
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CHAPTER 5 

THE ROLE OF CEREBRAL TRYPTOPHAN METABOLISM IN THE 

DETRIMENTAL EFFECT OF A LOW LEVEL DIETARY EXPOSURE OF 

NATURALLY CONTAMINATED DEOXYNIVALENOL ON NURSERY PIGS 
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Abstract: Two experiments were conducted to evaluate the role of cerebral Trp metabolism 

in the detrimental effect of a low level dietary exposure of naturally contaminated 

deoxynivalenol (DON) on nursery pigs.  In Exp.1, to investigate the role Trp in DON 

induced feed refusal, 120 barrows and gilts (10.36 ± 0.22) at 6 wk of age were randomly 

allotted to 4 dietary treatments based on a 2 × 2 factorial arrangement.  The first factor was 

L-Trp supplementation (0.0 or 8.0 g/kg) and the second factor was DON exposure (0.0 or 3.0 

mg/kg).  The experimental period was 20 d.   In Exp. 2, to investigate the effect of a low 

level chronic dietary exposure of naturally contaminated DON on serotonin (5-

Hydroxytryptamine, 5-HT) concentration in different regions of the brain, 16 individually 

housed crossbred barrows (25.57 ± 0.98 kg) at 9 wk of age were randomly allotted to 2 

dietary treatments: 1) a diet without DON (CON); or 2) a diet with 3.0 mg/kg naturally 

contaminated DON (MT). Pigs were pair-fed to eliminate differences in feed intake (equal 

Trp intake).  The experimental period was 3 wk.  In Exp. 1, during the entire period, pig fed 

with DON contaminated diets had reduced (P < 0.05) body weight gain, feed intake, and 

gain:feed compared with pig fed diets without DON contamination.  There was an interaction 

for feed intake, showing the feed intake of pigs was higher (P < 0.05) with L-Trp 

supplementation when pigs were fed with uncontaminated diets, whereas feed intake was 

lower (P < 0.05) with L-Trp supplementation when pigs were fed with DON contaminated 
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diets, suggesting the involvement of Trp metabolism in the detrimental effect of DON.  In 

Exp. 2, during the entire period, pigs fed with the MT diet had greater (P < 0.05) body weight 

gain compared with pigs fed with the CON diet.  Pigs fed with the MT diet had reduced (P < 

0.05) concentration of 5-HT and increased (P < 0.05) 5-HT turnover index in the 

hypothalamus compared with pigs fed with the CON diet.  Pigs fed with the MT diet spent 

more (P < 0.05) time lying as well as sitting and less (P < 0.05) time standing and drinking 

compared with pigs fed with CON.  In conclusion, a dietary low level exposure of naturally 

contaminated DON reduced feed intake and body weight of pigs.  Those detrimental effects 

of DON on feed intake were related with L-Trp metabolism through increasing 5-HT 

turnover index in hypothalamus but not other regions of the brain.  

KEY WORDS: Deoxynivalenol, feed intake, nursery pigs, serotonin, tryptophan  
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Introduction 

Deoxynivalenol (DON), a member of the trichothecenes mycotoxins which is mainly 

produced by Fusarium fungi, is an increasingly common problem worldwide (Pestka, 2010).  

The global occurrence of DON, commonly in cereal grains, particularly wheat, barley, maize, 

and their byproducts, is regarded as an important risk factor for human and animal health 

(Pinton et al., 2010).  It is well known that DON causes a variety of damage, such as diarrhea, 

diminution of lymphoid tissue, kidney damage and hematological lesions in livestock (Pestka 

and Smolinski, 2005).  

The most significant character of DON is its detrimental effect on feeding behavior of 

animals. High levels of DON trigger the vomiting reaction, whereas low level causes 

anorexia of animals (Pestka and Smolinski, 2005).  Among farm animals, pigs react most 

sensitively to the exposure to DON (Prelusky, 1994; Rotter et al., 1996).  Reduced feed 

intake and weight gain are the most common effects of DON exposure in pigs (Pestka and 

Smolinski, 2005; Chaytor et al., 2011).  

While the exact mechanism behind the detrimental effect of DON on feed intake is not 

fully understood, several studies have suggested the altered Trp metabolism and the 

serotoninergic system in the brain may be the reason (Prelusky et al., 1992; Prelusky, 1993; 

Rotter et al., 1996; Swamy et al., 2002).  The cerebral neurotransmitter serotonin (5-
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hydroxytryptoamine, 5-HT), synthesized from dietary essential amino acid Trp, plays a 

major role in regulating appetite (Zhang et al., 2007).  It has been proposed that DON 

increased levels of peripheral and brain Trp as well as 5-HT and consequently reduced feed 

intake of animals (Fitzpatrick et al., 1988a; Fitzpatrick et al., 1988b).  However, the effects of 

DON on Trp and 5-HT levels in the brain were not consistent (Prelusky et al., 1992; Rotter et 

al., 1996; Swamy et al., 2002).  Besides, simply increasing 5-HT levels in the whole brain 

cannot explain the vomiting and anorexia effect of DON, because enhanced of 5-HT in the 

brain has been repeatedly shown by adding hight levels of Trp but had no effect on feed 

intake (Shea et al., 1990; Raleigh et al., 1991; Li et al., 2006; Shen et al., 2012a) .  Therefore, 

we hypothesize that chronic exposure of naturally contaminated DON at a low level can alter 

the Trp metabolism but act differently in the different regions of the brain.  Thus, the aim of 

this study was to investigate the role of Trp in DON induced feed refusal and the effect of a 

low level chronic dietary exposure of DON on 5-HT concentration in different regions of the 

brain.  

Materials and Methods 

The experimental protocol was approved by the Institutional Animal Care and Use 

Committee at North Carolina State University (Raleigh, NC). 

Deoxynivalenol Contaminated Corn  
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Corn naturally contaminated with DON was used in this study to manufacture 

experimental diets and achieve targeted concentrations of DON.  Corn with DON at 20.0 

mg/kg was obtained from Manchester, NC.  Level of DON in corn was measured via HPLC 

at Romer Laboratories (Union, MO).  Samples of corn were taken by subsampling from at 

least 10 different locations to obtain accurate concentrations.  

Experiment 1 

One hundred twenty barrows and gilts (10.36 ± 0.22) at 6 wk of age were randomly 

allotted to 4 dietary treatments based on a 2 × 2 factorial arrangement.  The first factor was 

L-Trp supplementation (0.0 or 8.0 g/kg) and the second factor was DON exposure (0.0 or 3.0 

mg/kg).  Supplementation of 8.0 g/kg L-Trp was decided based on a previous study by Shen 

et al. (2012) showing the concentrations of 5-HT in the hypothalamus were maximized at this 

level.  All essential nutrients in both experimental diets were adequate (NRC, 1998).  The 

diet composition is summarized in Table 1.  

The first experiment was completed at the swine education unit of North Carolina State 

University (Raleigh, NC).  The experimental period was 20 d. Each treatment had 10 pens 

with 3 pigs per pen.  Pens (1.73 × 0.83 m) with metal screen floor were equipped with 1 

nipple drinker and 1 two-hole self-feeder.  Pigs had free access to water and diets.  Body 
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weight and feeder weight were recorded on d 0, 5, 9, 15, and 20 for computation of growth 

performance. 

Experiment 2 

Sixteen individually housed crossbred barrows (25.57 ± 0.98 kg) at 9 wk of age were 

used in Exp. 2. Two pigs with similar body weight are paired in a set of two pens (8 pairs). 

Pigs in each pair were randomly allotted to 2 dietary treatments: 1) a diet without DON 

(CON); or 2) a diet with 3.0 mg/kg naturally contaminated DON (MT).  Each pair was a 

block. All essential nutrients in both experimental diets were adequate (NRC, 1998).  Both 

dietary treatments were supplemented with 4.0 g/kg L-Trp to provide more substrates to 

study the metabolism of L-Trp.  The diet composition for Exp.2 is summarized in Table 2.  

The concentrations of DON in final test diets were confirmed by analysis. 

Two pigs in each pair (similar body weight) were pair-fed to eliminate differences in 

feed intake.  Pigs fed with MT diet started the experiment one day before pigs fed with CON 

diet.  Pigs fed with MT diet had free acess of feed, whereas pigs fed with CON diet would 

receive the amount of feed consumed by paired pigs from previous day.  Similar feed intake 

is important to know the physiological role of DON on Trp and 5-HT metabolism (equal Trp 

intake).  The experimental period was 3 wk.  Pigs were individually housed in solid concrete 

floor indoor pens at the North Carolina Swine Evaluation Station (Clayton, NC).  Each 
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treatment contained 8 pens with 1 pigs per pen (n = 8).  The pen was considered as the 

experimental unit. Pens (3.86 × 1.42 m) were equipped with 1 nipple drinker and 1 2-hole 

self-feeder. Pigs had free access to water.  Body weight was recorded on d 0, 7, 14, and 21 

for computation of growth performance. 

Saliva was collected from all pigs using cotton gauze on d 0, 7, 14, and 21 to measure 

salivary cortisol as described by Shen et al. (2012b).  Saliva samples were stored in -80
o
C 

until analysis.  All pigs were killed by electrocution on d 21 to collect hypothalamus.  The 

brain was quickly removed, and the hypothalamus, raphe nuclei, as well as medulla 

oblongata were dissected and frozen in liquid nitrogen then stored in -80°C.  The frozen brain 

tissue was weighed and processed to determine concentrations of 5-HT and 5-

hydroxyindoacetic acid (5-HIAA) as described by Shen et al. (2012b). 

Hypothalamic Serotonin and 5-hydroxyindoleacetic Acid 

Commercial ELISA kits (IBL) were used to determine concentrations of 5-HT and 5-

HIAA in the hypothalamus in Exp. 2 as previously described (Shen et al., 2012b).  All 

samples were tested in duplicate.  Intra and inter assay CV for 5-HT were 4.8 and 6.0%, 

respectively.  Intra and inter assay CV for 5-HIAA were 5.2 and 5.7%, respectively.  

Concentrations of 5-HT and 5-HIAA in the hypothalamus were expressed as ng/kg tissue. 

Physical Activity 
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To evaluate effects of a low level of dietary DON exposure on behavior of pigs in Exp. 

2, each pig was continuously recorded for 12 h (0800 to 2000 h) in real time on d 0, 7, 14 and 

21 according to a previous study by Shen et al. (2012).  A previously trained observer 

watched all recorded videos.  Data were analyzed by classifying behavior into lying, sitting, 

standing, eating, and drinking.  An instantaneous scan-sampling method with 1 min-interval 

was used to determine percentage of time spent on various behaviors for every other hour 

from 0800 to 2200 h (Shen et al., 2012a).  Details of behavioral assessment and definition of 

each behavior were addressed in Shen et al (2012a). 

Salivary Cortisol 

Concentrations of salivary cortisol were determined in Exp. 2 using a commercial RIA 

kit (Diagnostic Products Corp.) modified for pig (Shen et al., 2012a).  All samples were 

tested in duplicate.  Intra and inter assay CV were 4.6 and 4.0%, respectively.  

Statistical Analysis 

Data for each response in Exp. 1 were analyzed as a 2 × 2 factorial arrangement by 2-

way ANOVA using the General Linear Model (PROC GLM) of SAS (SAS Inst. Inc., Cary, 

NC).  The main effects of DON exposure and L-Trp supplementation, as well as their 

interaction were tested.  When an interaction effect was significant (P ≤ 0.05), pairwise 

comparisons were determined by the PDIFF option of the LSMEANS statement in GLM 
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procedure.  Data for each response in Exp. 2 were analyzed using the General Linear Model 

(PROC GLM) of SAS (SAS Inst. Inc., Cary, NC).  The design was randomized completely 

block design.  The individually housed pig was considered the experimental unit.  The pair 

was the block factor.  Differences were considered significant with P ≤ 0.05 whereas P < 

0.10 was considered a tendency.  

Results  

Growth Performance 

In Exp. 1, during the first 5 d, pig fed with DON contaminated diets had reduced (P < 

0.001) body weight gain, feed intake, and gain:feed compared with pig fed diets without 

DON contamination (Table 3).  During the entire period, pig fed with DON contaminated 

diets had reduced (P < 0.05) body weight gain, feed intake, and gain:feed compared with pig 

fed diet without DON contamination.  There was an interaction for feed intake, showing feed 

intake of pigs was higher (P < 0.05) with L-Trp supplementation when pigs were fed with 

clean diets, whereas feed intake was lower (P < 0.05) with L-Trp supplementation when pigs 

were fed with DON.  In Exp. 2, during the first 7 d, pigs fed with the MT diet had greater (P 

< 0.05) body weight gain and gain:feed compared with pigs fed with the CON diet (Table 4).  

During the entire period, pigs fed with the MT diet had greater (P < 0.05) body weight gain 

compared with pigs fed with the CON diet.   
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Hypothalamic Serotonin and 5-hydroxyindoleacetic Acid 

In Exp. 2, pigs fed with the MT diet had reduced (P < 0.05) concentration of 5-HT in 

hypothalamus compared with pigs fed with the CON diet (Figure 1).  There was no 

difference on concentration of 5-HIAA between different treatment (Figure 2). Pig fed with 

the MT diet had increased (P < 0.05) 5-HT turnover index (5-HIAA / 5-HT) in hypothalamus 

compared with pigs fed with the CON diet (Figure 3).  

Physical Activity and Salivary Cortisol 

In Exp. 2, pigs fed with the MT diet spend more (P < 0.05) time on lying and less (P < 

0.05) time on standing compared with pigs fed with CON on d 7 (Figure 4).  On d 7, 14, and 

21, pigs fed with the MT diet spent more (P < 0.05) time sitting and less (P < 0.05) time 

drinking compared with pigs fed with CON.  On d 21, pigs fed with the MT diet had lower 

(P < 0.05) concentration of salivary cortisol compared with pigs fed with CON (Figure 5). 

Discussion  

Serotonin, synthesized from Trp, is closely involved in the central regulation of feeding 

behavior (Zhang et al., 2007).  The rate-limiting step of 5-HT biosynthesis is the 

hydroxylation step of the methoxyindole pathway, which is not saturated by L-Trp in vivo 

(the Km for Trp is about 50 ug/g tissue, whereas the prevailing concentration of Trp in brain 

is 5 ug/g tissue; Fernstrom and Wurtman, 1971; Meunier-Salaun et al., 1991).  Therefore, 
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availability of Trp as a substrate is the rate-limiting factor of 5-HT biosynthesis in the brain.  

Several studies have linked the anorexic activity of DON to CNS serotoninergic activity 

(Prelusky et al., 1992; Prelusky, 1993; Rotter et al., 1996).  Studies have reported that oral 

administration of DON increased levels of peripheral and brain Trp and consequently 5-HT 

in the brain of rats (Boyd et al., 1988; Fitzpatrick et al., 1988a; Fitzpatrick et al., 1988b).  

And they concluded that increased level of 5-HT in the brain was the reason of DON induced 

feed refusal (Boyd et al., 1988; Fitzpatrick et al., 1988a; Fitzpatrick et al., 1988b).  

However, simply increasing 5-HT levels in the brain does not necessarily lead to feed 

refusal.  Shen et al. (2012a, b) reported that dietary supplementation of L-Trp increased 

hypothalamic 5-HT concentration but did not affect feed intake in pigs.  Similar results have 

been confirmed by other studies (Shea et al., 1990; Raleigh et al., 1991; Li et al., 2006).  

Moreover, Prelusky (1994) reported that DON had no effect on concentrations of plasma 5-

HT and Trp in pigs.  A study with pigs even showed that intravenous injection of DON 

reduced 5-HT in hypothalamus in the long term (Prelusky et al., 1992).  Thus, the 

neuropharmacology of DON may be more complicated than assumed.  

Results of Exp. 1 showed that dietary supplementation of 8.0 g/kg L-Trp did not affect 

feed intake, although our previous studies showed that dietary supplementation of 8.0 g/kg L-

Trp could increase hypothalamic 5-HT (Shen et al., 2012a).  Again, this indicates an 
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increased level of 5-HT in the brain was not the reason of DON induced feed refusal.  

Notably, there was an interaction for feed intake between a low level of DON exposure and 

L-Trp supplementation.  Feed intake of pigs was higher with L-Trp supplementation when 

there was no DON in diets, whereas feed intake was lower with L-Trp supplementation when 

pigs were fed with DON contaminated diets.  This indicates the detrimental effect of DON on 

feed intake was related with L-Trp metabolism.  

Reduced feed intake and weight gain of pigs is the most common effects of DON 

exposure on pigs (Pestka, 2010; Chaytor et al., 2011).  Thus, in Exp. 2 pigs in CON were pair 

fed to pigs in MT in order to keep the Trp intake similar between treatments.  Pigs fed a diet 

with DON had reduced hypothalamic 5-HT and increased 5-HT turnover rate compared with 

pigs fed a diet without DON clearly indicating DON caused catabolism of 5-HT and 

interfered L-Trp metabolism.  

The serotonergic neurons are the major constituents of the raphe nuclei, and most of 

the neurons of the raphe nuclei are the principal source of 5-HT release in the brain (Hornung, 

2003).  The 5-HT projection pathway of serotonergic neuron from raphe nuclei to various 

part of brain result in different physiological and behavior reactions (Stahl, 1998).  The 5-HT 

projection pathways to hypothalamus mediates anorexia and feeding behavior, whereas 5-HT 

projections to medulla oblongata may mediate vomiting (Stahl, 1998).  One of the major 
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findings of this study is that a low level chronic dietary exposure of DON reduced 

concentration of 5-HT and increased 5-HT turnover index (5-HIAA/5-HT) in the 

hypothalamus, whereas concentrations of 5-HT, 5-HIAA, and 5-HT turnover index in the 

raphe nuclei and medulla were not affected.  To the best of our knowledge, the current study 

is the first to date that report the effect of feeding a low level of naturally DON contaminated 

grains on 5-HT activities in different regions of pigs’ brain.  This result is supported by a 

study done by Prelusky (1993), who observed a significant and prolonged increase of 5-

HIAA in cerebral spinal fluid of pigs following intragastic administration of purified DON, 

indicating enhanced 5-HT turnover.  Moreover, Swamy et al. (2002) reported that feeding a 

blend of fusarium mycotoxin (5.5 ppm DON, 0.5 ppm 15-acetyldeoxynivalenol, 26.8 ppm 

fusaric acid, and 0.4 ppm zearalenone) also increased 5-HT turnover index. Studies have 

shown increased projection pathways of 5-HT into hypothalamus resulted in feed refusal 

(Gregory and Ettinger, 1998).  Thus, it is proposed that the increased turnover index of 5-HT 

in hypothalamus is one of the mechanism of DON induced feed refusal.  

Serotonin also plays a major role in social interactions and behavioral responses in 

human and domestic animals (Markus et al., 1998; Koopmans et al., 2005; Koopmans et al., 

2006).  Altered hypothalamic 5-HT of pigs with the chronic DON exposure may change 

behaviors of pigs.  Studies have shown reduced 5-HT production would result in the 
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depression, which referred as passive and quiescent behavior (Young and Leyton, 2002).  In 

Exp. 2, pigs fed a diet with DON spend more time on lying as well as sitting and less time on 

drinking and standing, indicating a passive and quiescent behavior after low level chronic 

DON exposure.  Those results indicate that increased catabolism of 5-HT caused pigs’ 

behavior by reducing activity.  

Interestingly, in Exp. 2 pigs fed a diet the MT diet had greater the body weight gain 

compared with pigs fed the CON diet.  Because pigs in Exp. 2 were pair-fed, increased 

weight gain was mainly due to increased feed efficiency.  Although dietary DON exposure 

can reduce feed intake and weight gain of pigs (Rotter et al., 1994; Rotter et al., 1996; 

Swamy et al., 2002), the effect of dietary DON exposure on feed efficiency was not 

consistent (Rotter et al., 1994; Swamy et al., 2002).  This current study showed that low level 

of dietary DON exposure can even increase feed efficiency of pair-fed pigs.  Our current 

results are consistent with a study by Rotter et al. (1994), which reported that 3.0 mg dietary 

inclusion of DON increased body weight gain and feed efficiency of pigs when pair-fed.  

Rotter et al. (1994) also reported that feed efficiency was linearly increased with increasing 

dietary inclusion of DON from 0.0 to 3.0 mg/kg diet, while body weight gain and feed intake 

decreased linearly.  The mechanism underlying the increased feed efficiency of low level 

DON exposure is large unknown, but presumably relates to 5-HT and behavior activities of 
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pigs.     

In conclusion, a dietary low level exposure of naturally contaminated DON reduced 

feed intake and body weight of pigs.  Those detrimental effects of DON on feed intake were 

related with L-Trp metabolism through increasing 5-HT turnover index in hypothalamus but 

not other regions of the brain.  
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Table 1. Ingredient and chemical composition of diets in Exp. 1 as fed basis 

Item DON
1
, mg/kg 0.0  3.0 

 L-Trp, g/kg 0.0 8.0  0.0 8.0 

Ingredient, %     

  Yellow corn       67.78       66.98      52.78      51.98 

  Yellow corn (DON)
2
 0.00 0.00      15.00      15.00 

  Soybean meal       28.40       28.40      28.40      28.40 

  L-Lys HCl 0.17 0.17 0.17 0.17 

  L-Thr 0.03 0.03 0.03 0.03 

  DL-Met 0.02 0.02 0.02 0.02 

  L-Trp 0.00 0.80 0.00 0.80 

  Poultry fat 1.00 1.00 1.00 1.00 

  Vitamin premix
3
 0.03 0.03 0.03 0.03 

  Mineral premix
4
 0.15 0.15 0.15 0.15 

  Dicalcium phosphate 1.35 1.35 1.35 1.35 

  Ground limestone 0.60 0.60 0.60 0.60 

  Salt 0.30 0.30 0.30 0.30 

Total     100.00     100.00    100.00    100.00 

Calculated composition   
  

  DM, %       89.60       89.70      89.60      89.70 

  ME, Mcal/kg 3.38 3.38 3.38 3.38 

  Crude protein, %       19.31       19.93      19.31      19.93 

  SID
5 

Lys, % 1.04 1.04 1.04 1.04 

  SID Met+Cys, % 0.59 0.59 0.59 0.59 

  SID Trp, % 0.20 0.99 0.20 0.99 

  SID Thr, % 0.65 0.65 0.65 0.65 

  Ca, % 0.63 0.63 0.63 0.63 

  P available, % 0.32 0.32 0.32 0.32 

  P total, % 0.63 0.63 0.63 0.63 

  DON, mg/kg 0.0 (0.0)
*
 0.0 (0.0)

*
 3.0 (3.8)

*
 3.0 (3.8)

*
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Table 1. Continued.  
1
Deoxynivalenol = DON 

2
Yellow corn naturally contaminated with DON.  

3
The vitamin premix provided the following per kilogram of complete diet: 6,613.8 IU of 

vitamin A; 992.0 IU of vitamin D3; 19.8 IU of vitamin E; 2.64 mg of vitamin K; 0.03 mg of 

vitamin B12; 4.63 mg of riboflavin; 18.52 mg of pantothenic acid; 24.96 mg of niacin; 0.07 

mg of biotin.  
4
The trace mineral premix provided the following per kilogram of complete diet: 4.0 mg 

of Mn as manganous oxide; 165 mg of Fe as ferrous sulfate; 165 mg of Zn as zinc sulfate; 

16.5 mg of Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 0.30 

mg of Se as sodium selenite. 
* 
Analyzed data 
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Table 2. Ingredient and chemical composition of diets in Exp. 2 as fed basis
1
 

Item  CON  MT 

Ingredient, %   

  Yellow corn 74.25 59.25 

  Yellow corn (DON) 0.00 15.00 

  Soybean meal  22.00 22.00 

  L-Lys HCl  0.10 0.10 

  L-Trp  0.40 0.40 

  Poultry fat 1.00 1.00 

  Vitamin premix
2
 0.03 0.03 

  Mineral premix
3
 0.15 0.15 

  Dicalcium phosphate 0.90 0.90 

  Ground limestone 0.70 0.70 

  Salt 0.30 0.30 

Total        100.00         100.00 

Calculated composition    

  DM, %          89.60           89.60 

  ME, Mcal/kg 3.39 3.39 

  Crude protein, %          17.06           17.06 

  SID
4 

Lys, % 0.83 0.83 

  SID Met+Cys, % 0.51 0.51 

  SID Trp, % 0.56 0.56 

  SID Thr, % 0.53 0.53 

  Ca, % 0.55 0.55 

  P available, % 0.23 0.23 

  P total, % 0.53 0.53 

  DON, mg/kg         0.0 (0.0)
*
         3.0 (3.8)

*
 

 

  



 

 

185 

 

Table 2. Continued.  
1
 Pig fed either a diet without deoxynivalenol (CON) or a diet with 3.0 mg/kg naturally 

contaminated deoxynivalenol (MT) in Exp. 2. Yellow corn naturally contaminated with 

deoxynivalenol (DON).  
2
The vitamin premix provided the following per kilogram of complete diet: 6,613.8 IU of 

vitamin A; 992.0 IU of vitamin D3; 19.8 IU of vitamin E; 2.64 mg of vitamin K; 0.03 mg of 

vitamin B12; 4.63 mg of riboflavin; 18.52 mg of pantothenic acid; 24.96 mg of niacin; 0.07 

mg of biotin.  
3
The trace mineral premix provided the following per kilogram of complete diet: 4.0 mg 

of Mn as manganous oxide; 165 mg of Fe as ferrous sulfate; 165 mg of Zn as zinc sulfate; 

16.5 mg of Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 0.30 

mg of Se as sodium selenite. 
4
Standardized ileal digestible 

* 
Analyzed data
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Table 3. Effect of low level inclusion of naturally contaminated deoxynivalenol (DON) and supplementation of L-Trp on 

growth performance of 6-wk-old nursery pigs in Exp.1 
1,2

 

DON, mg/kg 0.0 

 

3.0 

 

P - Value 

L-Trp, g/kg 0.0 8.0 

 

0.0 8.0 SEM DON L-Trp Interaction 

Initial weight, kg        10.29       10.34 

 

       10.49       10.35      0.10 NS NS NS 

Body weight gain, g/d 

          d 0 to 5 287 307 

 

215 155 16 < 0.001 NS NS 

  d 5 to 9 443 433 

 

429 444 22 NS NS NS 

  d 9 to 15 633 687 

 

613 621 12 < 0.05 NS NS 

  d 15 to 20 514 483 

 

490 453 17 NS NS NS 

  d 0 to 20 479 490 

 

446 427  9 < 0.001 NS NS 

Feed intake, g/d 

           d 0 to 5 543 538 

 

485 435 13 < 0.001 NS NS 

  d 5 to 9 695 718 

 

662 633 18 < 0.05 NS NS 

  d 9 to 15 973    1053 

 

945 963 20 < 0.05 NS NS 

  d 15 to 20  927
ab

 971
a
 

 

 960
a
 884

b
 19 NS NS < 0.05 

  d 0 to 20  799
ab

 837
a
 

 

  777
bc

 745
c
 11 < 0.001 NS < 0.05 

Gain:feed 

           d 0 to 5       0.52       0.56 

 

       0.44        0.35        0.03 < 0.001 NS NS 

  d 5 to 9      0.63       0.60 

 

       0.65        0.70        0.02 NS NS NS 

  d 9 to 15      0.65       0.65 

 

       0.65        0.65        0.01 NS NS NS 

  d 15 to 20      0.56       0.50 

 

       0.51         0.51         0.02 NS NS NS 

  d 0 to 20      0.60       0.59 

 

       0.57        0.57        0.01 < 0.05 NS NS 
1
Data are means of 10 pens with 3 pigs per pen. Labeled means without a common letter differ, P ≤ 0.05. 

2
NS, not significant, P > 0.05
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Table 4. Effect of low level inclusion of naturally contaminated deoxynivalenol on the 

growth performance of 9-wk-old nursery pigs in Exp. 2
1,2

 

Item CON MT SEM P value 

Initial weight, kg 25.59 25.54 0.44 NS 

Body weight gain, g/d 

      d 0 to 7       338     523      38 < 0.05 

  d 7 to 14       745     751      32 NS 

  d 14 to 21       605     595      26 NS 

  d 0 to 21       563     623      14 < 0.05 

Feed intake, g/d 

      d 0 to 7     1266   1296      19 NS 

  d 7 to 14     1614   1646      23 NS 

  d 14 to 21     1508   1547      20 NS 

  d 0 to 21     1463   1496      17 NS 

Gain:feed 

      d 0 to 7 0.22 0.30 0.01 < 0.01 

  d 7 to 14 0.33 0.33 0.01 NS 

  d 14 to 21 0.31 0.30 0.01 NS 

  d 0 to 21 0.29 0.31 0.01 < 0.1 
1
Pig fed either a diet without deoxynivalenol (CON) or a diet with 3.0 mg/kg naturally 

contaminated deoxynivalenol (MT) in Exp. 2. Data are means of 8 barrows. 
2
NS, not significant, P > 0.05 
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Figure 1. Serotonin (5-HT) levels in different regions of the brain of 9-wk-old nursery pigs 

fed either a diet without deoxynivalenol (CON) or a diet with 3.0 mg/kg naturally 

contaminated deoxynivalenol (MT) in Exp. 2. Each bar represents the mean ± SE of 8 

barrows. 
a,b

Values with different letters are different at P < 0.01.  
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Figure 2. 5-hydroxyindoacetic acid (5-HIAA; metabolites of serotonin) levels in different 

regions of the brain of 9-wk-old nursery pigs fed either a diet without deoxynivalenol (CON) 

or a diet with 3.0 mg/kg naturally contaminated deoxynivalenol (MT) in Exp. 2. Each bar 

represents the mean ± SE of 8 barrows. 
a,b

Values with different letters are different at P < 

0.05. 
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Figure 3. Serotonin turnover index (5-hydroxyindoacetic acid (5-HIAA) / serotonin (5-HT)) 

in different regions of the brain of 9-wk-old nursery pigs fed either a diet without 

deoxynivalenol (CON) or a diet with 3.0 mg/kg naturally contaminated deoxynivalenol (MT) 

in Exp. 2. Each bar represents the mean ± SE of 8 barrows. 
a,b

Values with different letters are 

different at P < 0.05. 
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Figure 4. Behavioral activities lying (A), sitting (B), eating (C), standing (D), and drinking 

(E) of 9-wk-old nursery pigs fed either a diet without deoxynivalenol (CON) or a diet with 

3.0 mg/kg naturally contaminated deoxynivalenol (MT) in Exp. 2. An instantaneous scan-

sampling method with 1 min-intervals was used to determine percentage of time spent on 

various behaviors for every other hour from 0800 to 2200 h on d 0, 7, 14 and 21 of 

experiment. Each data point represents the mean ± SE of 8 barrows. * P < 0.05  
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Figure 5. Concentrations of salivary cortisol of 9-wk-old nursery pigs fed either a diet 

without deoxynivalenol (CON) or a diet with 3.0 mg/kg naturally contaminated 

deoxynivalenol (MT). Salivary cortisol was analyzed on d 0, 7, 14, and 21 in Exp .2. Each 

data point represents the mean ± SE of 8 barrows. * P < 0.05 
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CHAPTER 6 

L-METHIONINE IS BETTER UTILIZED AND SERVES A SUPERIOR 

FUNCTIONAL ROLE IN GROWTH AND DEVELOPMENT OF THE GASTRIC-

INTESTINAL TRACT OF NURSERY PIGS COMPARED WITH DL-METHIONINE  
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Abstract: Two experiments were conducted to test the functional and utilization differences 

between L-Met and DL-Met on intestinal glutathione (GSH) level, redox status, gut 

development and consequently growth of young nursery pigs.  In Exp. 1, 20 individually 

housed crossbred barrows and gilts (8.40 ± 0.25 kg BW) at 26 d of age (5 d post-weaning) 

were randomly allotted to 2 dietary treatments: 1) DL-Met  (0.16% endogenous Met + 0.145% 

supplemental DL-Met); or 2) L-Met (0.16% endogenous Met + 0.145% supplemental L-Met).  

Pigs were fed assigned diets for 20 d.  In Exp. 2, 168 crossbred pigs in 56 pens (7.15 ± 0.97 

kg BW) at 26 d of age (5 d post-weaning) were randomly allotted to 7 dietary treatments.  

Dietary treatments included 1) basal diet (BD), 2) BD + 0.048% L-Met, 3) BD + 0.096% L-

Met, 4) BD + 0.144% L-Met, 5) BD + 0.048% DL-Met, 6) BD + 0.096% DL-Met, and 7) BD 

+ 0.144% DL-Met.  Pigs were fed assigned diets for 20 d.  In Exp. 1, pigs fed a diet 

supplemented with L-Met had greater (P < 0.05) villus height and width in duodenum 

compared with pigs with DL-Met.  Concentrations of GSH in duodenum were increased (P < 

0.05) of pigs fed a diet supplemented with L-Met compared with DL-Met.  Concentrations of 

protein carbonyl in duodenum mucosa of pigs fed a diet with L-Met was lower (P < 0.05) 

than pigs with DL-Met.  Pigs fed a diet supplemented with L-Met also tended to have lower 

(P = 0.081) concentrations of MDA in ileum mucosa compared with pigs with DL-Met.  In 

Exp. 2, during the first 5 d, pigs fed diets supplemented with L-Met had greater (P < 0.05) 

ADG and gain:feed ratio than pigs fed diets supplemented with DL-Met.  During the entire 

20 d, pigs fed diets supplemented with L-Met tended to have greater (P = 0.087) ADG than 

pigs fed diets supplemented with DL-Met.  On d 10, pigs fed diets supplemented with L-Met 

had 20.1% lower (P < 0.05) concentration of plasma urea nitrogen than pigs fed diets 
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supplemented with DL-Met indicating L-Met can be better utilized by nursery pigs.  Overall, 

compared with DL-Met, use of L-Met as a source of dietary Met supplementation in nursery 

pig diets serves better functions for gut development by enhancing villus development in 

associated with reducing oxidative stress and improved GSH production of mucosa cells of 

nursery pigs.  L-Met was better utilized by young nursery pigs showing enhanced ADG and 

gain:feed as well as reduced plasma urea nitrogen compared with DL-Met. 

Key words: DL-Methionine, gut development, L-Methionine, nursery pigs 
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Introduction 

Methionine is the first limiting amino acid in corn and soybean meal based diets of 

poultry and second or third limiting amino acid in diets of pigs (Cromwell, 2004; Dilger and 

Baker, 2007).  Recent studies in neonatal piglets indicated that the whole body Met 

requirement is about 40% lower in total parenterally fed compared with enterally fed pigs, 

demonstrating that splanchnic Met metabolism is nutritionally significant (Shoveller et al., 

2003).  Notably, when comparing the essential amino acids that being metabolized in gastric-

intestinal tract, on average the utilization of Met in gastric intestine tends to be greater than 

other essential amino acids for young pigs (Stoll et al., 1998).  Thus, there appears to be a 

specific functional need for Met in the development and maintenance of gastric-intestinal 

tract of young animals. 

Besides the major role in methyl donation, Met is an efficient reactive oxygen species 

scavenger and serves as an important antioxidant under physiological condition (Levine et 

al., 1996; Brosnan and Brosnan, 2006).  Met is also a precursor for Cys, which plays a key 

role in maintaining protein function and redox status.  In addition, Met serves as a precursor 

of glutathione (GSH), Tau, and inorganic sulfur, which are also major cellular antioxidant 

(Brosnan and Brosnan, 2006).  Considering the oxidative stress associated with rapid 

development of gastric-intestinal tract of young animals, the functional role of Met, 

especially its antioxidative effect, may be the key requirement of the development of the 

gastric-intestinal tract of a rapidly growing animal.  

Conventionally, in pig’s diets supplemental Met is provided as DL-Met (99% purity 

powder) which contains 50% L-Met and 50% D-Met.  Although D-Met is generally assumed 
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100% as efficacious as L-Met (99% purity powder) for pigs due to the conversion to L-Met 

in liver (Baker, 2006), only L-Met is the biologically functional form of Met used readily in 

intestinal cells.  D-Met has to go through liver for the conversion, because gastric intestinal 

cell has low expression of enzymes that required for the conversion of D-Met to L-Met 

(Thwaites and Anderson, 2007).  Therefore, L-Met may function better in the gut than D-Met.  

Thus, we hypothesized that splanchnic metabolism of Met serves as a functional requirement 

for weaning piglets and supplementation of L-Met, which is a more direct source of Met for 

splanchnic metabolism will have better effects on intestinal glutathione (GSH) level, redox 

status, gut development and consequently growth of young nursery pigs compared with DL-

Met. 

Materials and Methods 

The experimental protocol was approved by the Institutional Animal Care and Use 

Committee at North Carolina State University (Raleigh, NC). 

Experiment 1 

Twenty individually housed crossbred barrows and gilts (8.40 ± 0.25 kg BW) at 26 d of 

age (5 d post-weaning) were randomly allotted to 2 dietary treatments: 1) DL-Met  (0.16% 

endogenous Met + 0.145% supplemental DL-Met); or 2) L-Met (0.16% endogenous Met + 

0.145% supplemental L-Met).  Test diets were prepared by adding the different sources of 

Met to a single common batch of basal diet to minimize unintended variations.  Met content 

in basal diet contained endogenous Met at 50% of the NRC requirement, whereas all other 

essential nutrients were adequate (NRC, 1998).  Dietary supplementation of either DL-Met or 
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L-Met brought the Met content to 95% of Met requirement.  The dietary composition is 

summarized in Table 1.  Supplemental L-Met was obtained from a commercial company 

(CJ CheilJedang Co., Seoul, Korea), whereas DL-Met was purchased locally by North 

Carolina State University Feed Mill (Raleigh, NC).  Analyses verified that test supplements 

L-Met and DL-Met contained 99.1 and 99.2% active substance, respectively.  The 

concentrations of amino acids in final test diets were confirmed by analysis.  

Pigs used in the current experiment were weaned at 21 d of age and fed a common 

phase one diet for 5 d.  On d 26 of age, pigs were weighed and allotted to 2 dietary treatments 

and fed the assigned diets for 20 d.  They were individually housed in solid concrete floor 

indoor pens at the North Carolina Swine Evaluation Station (Clayton, NC).  Each treatment 

contained 10 pens with 1 pigs per pen (n = 10). The pen was considered as the experimental 

unit.  The body weight of individual pigs and feed disappearance were recorded every 5 days 

for computation of growth performance.  Pens (3.86 × 1.42 m) were equipped with a nipple 

drinker and a 2-hole self-feeder.  Pigs were allowed ad libitum access to feed and water. 

On d 20, all pigs were killed by captive bolt.  One tube of blood sample was collected 

via jugular vein from each pig right before being killed.  After being killed, the viscera were 

quickly exposed and another tube of blood sample was collected via portal vein from each 

pig.  Blood samples were collected in vacutainers (BD, Franklin Lakes, NJ) containing 

EDTA.  Plasma samples from jugular vein blood and portal vein blood were obtained by 

centrifugation (1,500 × g at 4°C for 10 min) and frozen at -80°C until they were analyzed for 

concentrations of malonedialdehyde (MDA) and plasma urea nitrogen (PUN).  



 

 

199 

 

The gastric-intestinal tract was quickly removed, and the small intestine was dissected.  

Middle sections of duodenum, jejunum, and ileum were isolated, flushed with saline solution.  

Half of the sections was fixed in 10% formaldehyde-phosphate buffer, and kept for 

microscopic assessment of mucosal morphology.  The other half of the sections was then 

opened for scraping mucosa layer of intestine.  Mucosa of duodenum, jejunum, and ileum 

was scraped into a microassay tube and frozen in liquid nitrogen.  A part of liver was also 

collected into a microassay tube and frozen in liquid nitrogen.  Mucosa samples and liver 

sample were then stored in -80°C until analyzed for concentrations of GSH, total antioxidant 

capacity (TAC), protein carbonyls, and MDA as markers for oxidative and antioxiditive 

status.  

Experiment 2 

One hundred sixty eight crossbred barrows and gilts (7.15 ± 0.97 kg) at 26 d of age (5 d 

post-weaning) were randomly allotted to 7 dietary treatments in a randomized complete 

block design based on the initial body weight and gender.  Dietary treatments included 1) 

basal diet (BD), 2) BD + 0.048% L-Met, 3) BD + 0.096% L-Met, 4) BD + 0.144% L-Met, 5) 

BD + 0.048% DL-Met, 6) BD + 0.096% DL-Met, and 7) BD + 0.144% DL-Met.  The BD 

(Table 2) was formulated to be deficient in Met according to the NRC requirement (NRC, 

1998).  The standard ileal digestible Met and Met + Cys in BD were 0.18% and 0.54%, 

respectively.  Methionine content in BD contained endogenous Met at 55% of the NRC 

requirement (NRC, 1998), but all other essential nutrients were adequate. The dietary 

treatments supplemented with increasing levels of either L-Met or DL-Met brought the Met 

content to 70, 85, or 100% of Met requirement suggested by NRC (1998).  Test diets were 
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prepared by adding the different sources of Met to a single common batch of BD to minimize 

unintended variations.  The concentrations of amino acids in final test diets were confirmed 

by analysis.  

Pigs used in the current experiment were weaned at 21 d of age and fed a common 

phase one diet for 5 d.  On d 26 of age, pigs were weighed and allotted to 7 dietary treatments 

and fed assigned diets for 20 d.  The body weight of individual pig and feed disappearance 

was recorded at every 5 d for computation of growth performance.  Each treatment contained 

8 pens with 3 pigs per pen.  The pen was considered as the experimental unit. Pens (1.73 × 

0.83 m) with metal screen floor were equipped with a nipple drinker and a 2-hole self-feeder.  

Pigs had free access to feed and water.  Blood samples (7 mL) were collected via jugular vein 

of the pig with medium body weigh in each pen on d 10 and 20.  Plasma was obtained and 

frozen at -80°C until analyzed for concentrations of PUN. 

Small Intestinal Morphology 

The segments of the 3 small intestinal sections in Exp. 1 were embedded in paraffin, 

cut cross the section to a 5-mm-thick slides, and mounted on a polylysine-coated slide.   Then 

slides were stained (hematoxylin and eosin) and examined under a Sony CCD color video 

camera attached to an Olympus Van-Ox S microscope (Opelco, Washington, DC). Villus 

height (from the tip of the villi to the villous-crypt junction), villus width (width of the villus 

at one-half of the villus height), and crypt depth (from this junction to the base of the crypt) 

were determined (Shen et al., 2009).  Lengths of 10 well-oriented intact villi and their 

associated crypt were measured in each slide.  The same person executed all the analysis of 

intestinal morphology.  
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Malonedialdehyde 

As index of lipid peroxidation, concentrations of MDA in plasma samples from jugular 

vein and portal vein blood in Exp. 1 were measured using a commercial ELISA kit (Cell 

Biolabs, San Diego, CA) according to manufacturer's instruction.  All samples were tested in 

duplicate.  Concentrations of MDA in plasma were expressed as µM (Shen et al., 2012a; 

Shen et al., 2012b). 

Concentrations of MDA in intestinal mucosa in Exp.1 were also analyzed using the 

ELISA kit.  Mucosa samples (100 mg) from duodenum, jejunum, and ileum were weighed 

and suspended into 0.6 ml PBS containing 0.05% butylated hydroxytoluene.  Mucosa 

samples were homogenized (Tissuemiser, Thermo Fisher Scientific Inc., Rockford, IL) on 

ice.  The homogenate was centrifuged at 15,000 × g at 4°C for 30 min to collect supernatant.  

The supernatant was used to determine concentrations of MDA and protein concentrations.  

Concentrations of MDA in intestinal mucosa were expressed as umol/g protein.  

Plasma Urea Nitrogen 

Concentrations of plasma urea nitrogen were determined using a urea N kit (Stanbio 

Laboratory, Boeme, TX).  All samples were tested in duplicate. Intra and inter assay CV 

were 2.6 and 3.0%, respectively (Shen et al., 2012a; Shen et al., 2012b). 

Assessment of Protein Oxidation 

Protein carbonyl is a biomarker of oxidative stress.  For the assessment of protein 

carbonyl content, intestinal mucosa samples (100 mg) in Exp.1 were again weighted, 

suspended into 0.6 ml PBS buffer, and homogenized (Tissuemiser, Thermo Fisher Scientific 
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Inc., Rockford, IL) on ice.  The homogenate was centrifuged at 15,000 × g at 4°C for 30 min.  

The supernatant was used to determine concentrations of protein carbonyl and protein using 

the ELISA kit (Cell Biolabs, San Diego, CA).  Concentrations of protein carbonyl in 

intestinal mucosa were expressed as umol/g protein.  

Glutathione 

Glutathione is a ubiquitous antioxidant in cells.  Liver and duodenum mucosa (100mg) 

in Exp. 1 were weighed and suspended into 0.6 ml ice-cold buffer containg 5% 

metaphosphoric acid.  Samples were homogenized using a glass pestle on ice.  The 

homogenate was centrifuged at 15,000 × g at 4°C for 30 min.  The supernatant was used to 

determine concentrations of total GSH and protein concentrations using the ELISA kit (Cell 

Biolabs, San Diego, CA).  Concentrations of total GSH in liver and duodenum mucosa were 

expressed as umol/g protein.  

Total Antioxidant Capacity 

Total antioxidant capacity characterizes the capacity of cell to deal with reactive 

oxygen species and free radicals.  Liver and duodenum mucosa (100mg) in Exp. 1 were 

weighted, suspended into 0.6 ml PBS buffer, and homogenized (Tissuemiser, Thermo Fisher 

Scientific Inc., Rockford, IL) on ice.  The homogenate was centrifuged at 15,000 × g at 4°C 

for 30 min.  The supernatant was used to determine concentrations of TAC and protein 

concentrations using the ELISA kit (Cell Biolabs, San Diego, CA).  Concentrations of TAC 

in liver and duodenum mucosa were expressed as umol/g protein.  

Statistical Analysis 
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In Exp.1, data for each response were analyzed using the General Linear Model (PROC 

GLM) of SAS (SAS Inst. Inc., Cary, NC).  The design was complete randomized design. The 

pen was considered the experimental unit.  Since plasma samples were obtained from two 

locations, a special interest was to investigate effects of dietary treatment on plasma MDA 

and PUN on different locations.  Therefore, plasma MDA and PUN were analyzed as split-

plot design using the Mixed Model (PROC MIXED) of SAS, where dietary treatments served 

as a whole plot factor and locations where blood were obtained as a split plot factor.  

In Exp. 2, Data for each response were analyzed using the General Linear Model 

(PROC GLM) of SAS (SAS Inst. Inc., Cary, NC).  The design was randomized complete 

block design. The pen was considered the experimental unit.  Preplanned contrasts were used 

to evaluate the effects of Met sources (BD vs. L-Met, BD vs. DL-Met, and L-Met vs. DL-

Met for an average of three supplemental levels).  Because of the nonlinear response for 

growth performance and concentrations of PUN, a nonlinear exponential regression analysis 

was used to evaluate the relative bioavailability (RBA) of L-Met to DL-Met (Littell et al., 

1997).  The following nonlinear equation was applied: 

                             

y = growth performance criterion (weight gain and gain:feed ratio) or concentrations of PUN 

(d 10 and d 20); a = intercept (growth performance or concentrations of PUN fed with BD); b 

= asymptotic response, a + b = common asymptote (maximum growth performance level or 

minimum concentration of PUN), c1 = steepness coefficient for L-Met, c2 = steepness 

coefficient for DL-Met, and x1, x2 = daily intake of supplemental L-Met and DL-Met,  

respectively (Kim et al., 2006).  The RBA values of L-Met to DL-Met were given by the 
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ratio of their c-values (100 × [c1/c2]) according to Littell et al (1997).  Statistical differences 

were considered significant with P < 0.05 whereas P < 0.10 was considered a tendency.  

Results 

Experiment 1 

During the entire period, ADG and ADFI were not affected by supplementation of two 

different sources of Met.  However, pigs fed a diet supplemented with L-Met tended to have 

7.4% greater (P = 0.064) gain:feed ratio compared with pigs fed a diet supplemented with 

DL-Met (Table 3).  

Pigs fed a diet supplemented with L-Met had 15.4% and 7.4% greater (P < 0.05) villus 

height and width compared with pigs fed a diet supplemented with DL-Met (Table 4).  

Compared with pigs fed a diet supplemented with DL-Met, pigs fed a diet supplemented with 

L-Met tended to have 17.5% greater (P = 0.075) villus height:crypt depth ratio in the 

duodenum.  Villus height, villus width, crypt depth, and villus height:crypt depth ratio of 

jejunum and ileum were not affected by supplementation of two different sources of Met. 

On d 20, plasma MDA and PUN were measured in blood obtained from jugular vein 

and portal vein (Table 5).  Pigs fed a diet supplemented with L-Met tended to have 19.9% 

lower (P = 0.069) plasma MDA compared with pigs fed a diet supplemented with DL-Met.  

Plasma MDA in portal vein was 19.4% higher (P < 0.05) than in jugular vein.  PUN was not 

affected by supplementation of two different sources of Met in this study.  However, PUN in 

portal vein was 29.1% lower (P = 0.022) than in jugular vein.  By just comparing the plasma 

samples obtained from portal vein, pigs fed a diet supplemented with L-Met tended to have 

24.4% lower (P = 0.071)  plasma MDA compared with pigs fed a diet supplemented with 
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DL-Met.   Plasma MDA was not affected by supplementation of two different sources of Met 

in jugular vein blood sample. 

Protein carbonyl and MDA were measured in the mucosa of duodenum, jejunum, and 

ileum (Table 6).  Pigs fed a diet supplemented with L-Met tended to have 12.0% lower (P < 

0.05) concentration of protein carbonyl in duodenum mucosa than pigs a fed diet 

supplemented with DL-Met.  Pigs fed a diet supplemented with L-Met tended to have 52.6% 

lower (P = 0.081) concentrations of MDA in ileum mucosa compared with pigs fed a diet 

supplemented with DL-Met.  

Concentrations of GSH and TAC were measured in liver and duodenum mucosa 

(Table 7).  Concentrations of GSH in duodenum were increased by 68.7% (P < 0.05) in pigs 

fed a diet supplemented with L-Met compared with DL-Met.  Concentrations of GSH in liver 

were not affected by supplementation of two different sources of Met.  Pigs fed a diet 

supplemented with L-Met had 8.4 and 3.4% greater (P < 0.05) TAC in mucosa of duodenum 

and liver compared with pigs fed a diet supplemented with DL-Met. 

Experiment 2 

During the first 5 d, supplementation of L-Met increased (P < 0.05) ADG, ADFI, and 

gain:feed ratio compared with pigs fed the BD (Table 8).  Supplementation of DL-Met 

enhanced (P < 0.05) ADG and ADFI, and tended to increase (P = 0.067) gain:feed ratio, 

compared with pigs fed the BD.  Pigs fed diets supplemented with L-Met had 24.2% greater 

(P < 0.05) ADG and 16.4% greater (P < 0.05) gain:feed ratio than pigs fed diets 

supplemented with DL-Met.  During the first 10 d, supplementation of either L-Met or DL-

Met enhanced (P < 0.001) ADG, ADFI, and gain:feed ratio compared with pigs fed the BD.  
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Pigs fed diets supplemented with L-Met tended to have 8.0% greater (P = 0.076) ADG than 

pigs fed diets supplemented with DL-Met.  During the entire 20 d, supplementation of either 

L-Met or DL-Met enhanced (P < 0.001) ADG, ADFI, and gain:feed ratio compared with pigs 

fed the BD.  Pigs fed diets supplemented with L-Met tended to have 5.8% greater (P = 0.087) 

ADG than pigs fed diets supplemented with DL-Met. 

On d 10, supplementation of either L-Met or DL-Met reduced concentrations of PUN (P 

< 0.001) compared with pigs fed the BD (Table 9).  Pigs fed diets supplemented with L-Met 

had 20.1% lower concentrations of PUN (P = 0.042) than the pigs fed diets supplemented 

with DL-Met.  On d 20, supplementation of either L-Met or DL-Met reduced concentrations 

of PUN (P < 0.001) compared with pigs fed the BD.  Concentrations of PUN did not differ 

between pigs fed diets supplemented with L-Met and DL-Met. 

For determination of the RBA of L-Met to DL-Met, the comparison of regression 

equations for L-Met and DL-Met was applied.  In the nonlinear exponential regression 

analysis, the absolute daily intake of either supplemental L-Met or DL-Met was used for the 

x axis.  During the first 10 d, the RBA of L-Met to DL-Met for ADG and gain:feed ratio was 

159.1% and 138.5%, respectively (Figure 1 and 2).  During the entire 20 d, the RBA of L-

Met to DL-Met for ADG and gain:feed ratio was 143.8% and 122.7%, respectively (Figure 3 

and 4).  During the entire 20 d, pigs fed the BD had an ADG of 219 g and gain:feed ratio of 

0.45.  Based on the equations developed from the growth data for the overall period, the 

maximum potential response for the overall ADG and gain:feed ratio was 364 g (166% of 

pigs fed with the BD) and 0.55 (122% of pigs fed with the BD), respectively.  The RBA of L-
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Met to DL-Met for concentrations of PUN on d 10 and d 20 was 160.2% and 99.1% 

respectively (Figure 5 and 6).  

Discussion 

The small intestine is a highly differentiated and complex organ, which is not only 

responsible for the digestion and absorption of nutrients, but also converts and catabolizes 

amino acids (Windmueller and Spaeth, 1980; Reeds et al., 1996).  Studies have shown one 

third of dietary intake of essential amino acids is utilized in first pass metabolism by the 

intestine (Stoll et al., 1998).  Moreover, metabolism of essential amino acids by the mucosal 

cells is quantitatively greater than amino acid incorporation into mucosal protein (Stoll et al., 

1998).  So it has been proposed that the metabolism of amino acids may represent a 

functional requirement by the intestine for purposes of biological functions, for example 

energy role of Gln or mucin production of Thr (Windmueller and Spaeth, 1980; Roberton et 

al., 1991; Stoll et al., 1998; Riedijk et al., 2007).  Recent studies in neonatal piglets fed with 

Cys free diet indicated that the whole body Met requirement is about 40% lower in total 

parenterally fed compared with enterally fed pigs, demonstrating that splanchnic sulfur 

amino acids metabolism is nutritionally significant (Shoveller et al., 2003).  Even with excess 

dietary Cys, the Met requirement in total parenterally fed pigs was still 28% lower than 

enterally fed pigs, again implying significant first pass Met metabolism.  Notably, when 

comparing the essential amino acid that being metabolized in gastric-intestinal tract, on 

average the utilization of Met tends to be greater than other essential amino acids (Stoll et al., 

1998).  Thus, there appears to be a specific functional need for Met metabolism in the 

intestinal mucosal cells (Stoll et al., 1998).  
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During first-pass splanchnic metabolism, a substantial fraction of the dietary Met 

undergoes transsulfuration in pigs (Riedijk et al., 2007).  Transsulfuration of Met generates 

Cys in the cost of Met.  More than a third of Met used by gastric-intestinal tract is for Cys 

synthesis even with excess dietary Cys (Riedijk et al., 2007).  Notably, cellular Cys is the 

rate-limiting factor in cellular GSH synthesis (Deneke and Fanburg, 1989).  Cells actually 

store GSH as a reservoir for Cys (Stipanuk et al., 2002; Stipanuk, 2004).  Thus, a large part 

of Met metabolized in the gut is used for GSH synthesis (Stipanuk, 2004).  Therefore, greater 

GSH production in intestinal mucosa may indicate greater first pass metabolism of Met.  In 

the current study, total GSH production in duodenum mucosa was increased for pigs fed diet 

supplemented with L-Met compared with pigs with DL-Met.  Thus, as a more direct source 

of Met, L-Met served as a better function for duodenum GSH synthesis and first pass 

metabolism than DL-Met.  

Our data showed that pigs fed a diet supplemented with L-Met had better villus 

development  in the duodenum compared with pigs fed a diet with DL-Met. The morphology 

data supported the idea that L-Met as direct source of Met had greater beneficial effects on 

gut development.  Moreover, our result showed that MDA levels of plasma samples obtained 

from portal vein were higher than jugular vein.  This indicated a higher oxidative stress were 

associated with gut compared with the whole body. This may be due to the higher turnover 

rate and metabolism of gut mucosa cell.  Thus, the direct use of L-Met as antioxidant and 

improved GSH production by L-Met may serve a functional requirement of mucosa cell and 

explain why villus in duodenum was better developed with L-Met compared with DL-Met.  

Furthermore, this indicates that metabolism of Met is a functional requirement of gut for 
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piglets.  This is consistent with our hypothesis. The result that L-Met can increase GSH 

production is supported by a study with S-adenosylmethionine (activation form of Met), 

which have shown S-adenosylmethionine increased total GSH production in rat brain (De La 

Cruz et al., 2000; De La Cruz et al., 2002). 

Notably, the TAC in duodenum mucosa was also increased for pigs fed a diet 

supplemented with L-Met compared with pigs with DL-Met.   Levels of protein cabonyl in 

duodenum and MDA in ileum, which are indicators of protein oxidation, were reduced for 

pigs fed a diet supplemented with L-Met compared with pigs with DL-Met.  Those results 

indicate less oxidative stress of pigs fed a diet supplemented with L-Met compared with pigs 

with DL-Met.  One possible explanation would be the increased GSH production in the gut 

by L-Met compared to DL-Met.  GSH plays an important role in antioxidative defense.  

Besides, L-Met itself is also an efficient reactive oxygen species scavenger and serves as 

important antioxidant under physiological condition (Levine et al., 1996).  Indeed, a variety 

of reactive oxygen species react readily with L-Met residues in proteins to form Met 

sulfoxide.  Then Met sulfoxide reductases catalyze a reduction of Met sulfoxide back to L-

Met, consequently scavenging the reactive species (Reddy et al., 1994; Levine et al., 1996; 

Luo and Levine, 2009).  Additionally, of all the oxidative modification of protein, only 

oxidation of L-Met and L-Cys residues can be repaired by reductase.  Notably, most cells 

contain Met sulfoxide reductases, which catalyze a reduction of Met sulfoxide back to L-Met 

(Moskovitz et al., 1997, 1999; Moskovitz et al., 2001; Kryukov et al., 2002).  Therefore it has 

been proposed that free L-Met and L-Met residues in protein serve as endogenous 

antioxidants in cell (Levine et al., 1996; Kryukov et al., 2002; Luo and Levine, 2009).  In 
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contrast, D-Met sulfoxide is less sensitive to Met sulfoxide reductases and is much less 

bioactive compared with L-Met sulfoxide (Kuzmicky et al., 1977; Friedman and Gumbmann, 

1988).  Consequently D-Met may exert less antioxiditive function in mucosa cell compared 

with L-Met (Friedman and Gumbmann, 1988).  This also can explain why pigs in L-Met 

group had better antioxidative status compared pigs in DL-Met group.  

The primary objective of Exp. 2 was to compare the growth response of L-Met to DL-

Met, confirming that L-Met was better utilized and served more effective functional role in 

weaning piglets than DL-Met.  The RBA of L-Met to DL-Met was calculated as 144 and 123% 

for the overall ADG and gain:feed ratio, respectively.  According to Littell et al. (1997), the 

RBA of a test substance relative to a standard substance is the ratio of the amounts of the 

standard and test substances required to produce the same results, often growth response.  

This means it required 144 or 123 units of DL-Met to achieve the overall ADG and gain:feed 

ratio that was produced by 100 units of L-Met.  This finding is largely consistent with the 

study reported by Kim and Bayley (1983), which showed that D-Met was only 50% 

efficacious relative to L-Met in young piglets.  Thus, it appears that L-Met was better utilized 

than DL-Met and difference in the functional role for gut development of young animals is 

speculated as one of the reasons for the different growth performance.  

However, not all studies have shown consistent responses between D-Met and L-Met.  

Cho et al. (1980) reported that D-Met was 99% as efficacious as L-Met for miniature pigs.  

This finding is similar to data reported by Chung and Baker (1992), which indicated D-Met 

was 100% as efficacious as L-Met as for growth of pigs.  The inconstant utilization of Met 

isomers among studies may be due to differences of age (Cho et al., 1980; Kim and Bayley, 
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1983; Chung and Baker, 1992).  Pigs used by Chung and Baker (1992) and Cho et al. (1980) 

were 5 to 6 weeks of age and weaned at 3 weeks of age.  However, younger pigs were used 

in the current study as well as in the study of Kim and Bayley (1983).  In the current study, 

the RBA of L-Met to DL-Met calculated from growth response was higher for the data obtain 

from first 10 d compared with overall period.  This indicated utilization of Met isomers may 

be a function of age.  The RBA of L-Met to DL-Met estimated from concentrations of PUN 

on d 10 and d 20 was 160.2% and 99.1%, respectively.  The inconsistent RBA of L-Met to 

DL-Met obtained from concentrations of PUN on d 10 and d 20 again indicated that the 

utilization of Met isomers may be a function of age (Chung and Baker, 1992)..  

Overall, compared with DL-Met, use of L-Met as a source of dietary Met 

supplementation in nursery pig diets improved gut development by enhancing villus 

development in associated with reducing oxidative stress and improved GSH production of 

mucosa cells of nursery pigs.  L-Met was better utilized by young nursery pigs showing 

enhanced ADG and gain:feed as well as reduced plasma urea nitrogen compared with DL-

Met. 
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Table 1. Ingredient and chemical composition of transition diets, as-fed basis 

 
Treatments 

Item DL-Met L-Met 

Ingredient  

   Corn                58.23        58.23 

  Spray-dried animal plasma        9.30 9.30 

  Whey, permeate                    25.00         25.00 

  L-Lys HCl              0.58 0.58 

  L-Thr               0.19 0.19 

  L-Trp              0.07 0.07 

  L-Ileu              0.25 0.25 

  L-Val                  0.18 0.18 

  L-Phe 0.12 0.12 

  Dicalcium phosphate 1.30 1.30 

  Ground Limestone                 1.35 1.35 

  Vitamin premix
1
 0.03 0.03 

  Mineral premix
2
 0.15 0.15 

  Poultry fat               3.00 3.00 

  DL-methionine          0.145  

  L-methionine           0.145 

Total      100.00     100.00 

Calculated nutrient composition  

   DM, %        91.6       91.6 

  ME, Mcal/kg 3.51 3.51 

  CP %        14.20        14.20 

  Lactose %        20.00        20.00 

  SID
3
 Lys % 1.20 1.20 

  SID Thr % 0.74 0.74 

  SID Met %           0.30 (0.27)
*
           0.30 (0.26)

*
 

  SID Met + Cys%           0.62 (0.60)
*
           0.62 (0.65)

*
 

  SID Trp % 0.22 0.22 

  SID Ile % 0.66 0.66 

  SID Val % 0.81 0.81 

  SID Arg % 0.60 0.60 

  SID His % 0.34 0.34 

  SID Leu % 1.23 1.23 

  SID Phe % 0.71 0.71 

  SID Phe + Tyr%  1.16 1.16 

  Ca, % 1.03 1.03 

  P total, % 0.70 0.70 

  P available, % 0.55 0.55 
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Table 1. Continued. 
1
The vitamin premix provided the following per kilogram of complete diet: 6,613.8 IU of 

vitamin A; 992.0 IU of vitamin D3; 19.8 IU of vitamin E; 2.64 mg of vitamin K; 0.03 mg of 

vitamin B12; 4.63 mg of riboflavin; 18.52 mg of pantothenic acid; 24.96 mg of niacin; 0.07 

mg of biotin.  
2
The trace mineral premix provided the following per kilogram of complete diet: 4.0 mg 

of Mn as manganous oxide; 165 mg of Fe as ferrous sulfate; 165 mg of Zn as zinc sulfate; 

16.5 mg of Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 0.30 

mg of Se as sodium selenite. 
3
Standardized ileal digestible 

*
 Analyzed value 
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Table 2. Composition of the basal diet (%, as-fed basis) 

Ingredient 

   Corn         58.64 

  Spray-dried animal plasma        11.60 

  Whey, permeate            25.00 

  L-Lys HCl                0.40 

  L-Ile                0.19 

  L-Thr                 0.10 

  L-Trp                0.04 

  L-Val                    0.08 

  L-Phe   0.02 

  Dicalcium phosphate   1.30 

  Ground limestone                   1.35 

  Vitamin and Mineral premix
1
   0.18 

  Choline chloride (60% choline)   0.10 

  Poultry fat                 1.00 

Total          100.00 

Calculated nutrient composition 

   DM, %  91.4 

  ME, Mcal/kg    3.29 

  CP, %  15.56 

  Lactose, %  20.00 

  SID
2
 Lys, % 

 

   1.20 

  SID Thr, % 

 

   0.74 

  SID Met, %             0.18 (0.14)
*
 

  SID Met + Cys, %             0.54 (0.47)
*
 

  SID Trp, % 

 

   0.22 

  SID Ile, % 

 

   0.65 

  Ca, %    0.97 

  P available, %    0.53 

  P total, %    0.69 
1
The vitamin premix provided the following per kilogram of complete diet: 6,613.8 IU of 

vitamin A; 992.0 IU of vitamin D3; 19.8 IU of vitamin E; 2.64 mg of vitamin K; 0.03 mg of 

vitamin B12; 4.63 mg of riboflavin; 18.52 mg of pantothenic acid; 24.96 mg of niacin; 0.07 

mg of biotin. The trace mineral premix provided the following per kilogram of complete diet: 

4.0 mg of Mn as manganous oxide; 165 mg of Fe as ferrous sulfate; 165 mg of Zn as zinc 

sulfate; 16.5 mg of Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 

0.30 mg of Se as sodium selenite. 
2
Standardized ileal digestible 

*Analyzed value 
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Table3. Growth performance of pigs fed with either DL-Met or L-Met
1
 

  Treatment     

Item DL-Met L-Met SEM P - value 

Initial weight, kg 8.41 8.40 0.08 0.970 

Final weight, kg 15.86 16.67 0.45 0.214 

d 0 to 5 

     ADG, g 215 220 21 0.860 

 ADFI, g 348 308 38 0.469 

 Gain:feed 0.65 0.85 0.15 0.371 

d 5 to 10 

     ADG, g 328 378 24 0.156 

 ADFI, g 608 653 26 0.237 

 Gain:feed 0.53 0.58 0.03 0.307 

d 10 to 15 

     ADG, g 455 523 48 0.342 

 ADFI, g 742 786 52 0.561 

 Gain:feed 0.60 0.67 0.05 0.326 

d 15 to 10 

     ADG, g 492 543 41 0.392 

 ADFI, g 866 926 43 0.333 

 Gain:feed 0.57 0.59 0.04 0.705 

d 0 to 20 

     ADG, g 373 416 21 0.169 

 ADFI, g 641 668 30 0.532 

 Gain:feed 0.58 0.62 0.02 0.064 
1
Each mean represents 10 pens of 1 pigs per pen (n=10).
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Table 4.  Villus height, width and crypt depth from different section of small intestine in pigs 

fed with either DL-Met or L-Met
1
 

  Treatment     

Item DL-Met L-Met SEM P - value 

Duodenum 

     villus height, µm 614 709 31 0.047 

 villus width, µm 148 159 3 0.036 

 crypt depth, µm 474 468 17 0.811 

 villus height:crypt depth 1.31 1.54 0.09 0.075 

Jejunum 

     villus height, µm 666 711 41 0.439 

 villus width, µm 122 116 3 0.166 

 crypt depth, µm 313 310 7 0.808 

 villus height:crypt depth 2.14 2.30 0.14 0.432 

Ileum 

     villus height, µm 479 485 25 0.870 

 villus width, µm 124 116 3 0.104 

 crypt depth, µm 260 262 10 0.868 

 villus height:crypt depth 1.86 1.87 0.11 0.950 
2
Each mean represents 10 pens of 1 pigs per pen (n=10).
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Table 5. Plasma malonedialdehyde (MDA) and plasma urea nitrogen (PUN) concentrations of pigs fed with either DL-Met or 

L-Met
1
 

 
DL-Met  L-Met 

SEM 
P – value

2
 

Item Jugular vein Portal vein  Jugular vein Portal vein Trt Location Trt*Location 

plasma MDA
3
, 

µM 
8.23 10.38  7.04 7.85 0.68 0.069 0.046 0.347 

PUN, µg/mL 3.00 2.16  2.76 1.92 0.33 0.609 0.022 1.000 
1
Each mean represents 10 pens of 1 pigs per pen (n=10). 

2
Plasma MDA and PUN concentrations was analyzed as split-plot design using mixed model of SAS (SAS Inst. Inc., Cary, 

NC), where dietary treatments served as a whole plot factor and locations where blood were obtained as a split plot factor.
 

3 
Just comparing the plasma samples obtained from portal vein, P -value equals to 0.071 for plasma MDA.
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Table 6. Protein carbonyl and malonedialdehyde (MDA) concentrations from different 

section of small intestine in pigs fed with either DL-Met or L-Met
1
 

  Treatment 

  
Item DL-Met L-Met SEM P - value 

Duodenum 

     MDA, umol/g protein 1.35 1.27 0.18 0.751 

 Protein Cabonyl, umol/g protein  3.41 3.00 0.11 0.023 

Jejunum 

     MDA, umol/g protein 0.80 0.82 0.12 0.917 

 Protein Cabonyl, umol/g protein 2.85 2.62 0.12 0.212 

Ileum 

     MDA, umol/g protein 1.16 0.55 0.23 0.081 

 Protein Cabonyl, umol/g protein 2.81 2.60 0.11 0.201 
1
Each mean represents 10 pens of 1 pigs per pen (n=10). 
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Table 7. Glutathione (GSH) concentrations and total antioxidant capacity (TAC) in 

duodenum and liver of pigs fed with either DL-Met or L-Met
1
 

  Treatment 

  
Item DL-Met L-Met SEM P - value 

GSH, nmol/g protein 

     Duodenum       3.96        6.68      0.77 0.024 

 Liver 1023.2 1090.8 76 0.536 

TAC, umol/g protein     

 Duodenum   34.6   37.5      0.94 0.048 

 Liver   47.4  49.0     0.49 0.035 
1
Each mean represents 10 pens of 1 pigs per pen (n=10).
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Table 8.  Growth performance of pigs fed graded levels of either LM or DLM
1, 2

 

 
BD 

Added LM, % 
 

Added DLM, % 
 

P - Value 

Item            0.048 0.096 0.144 
 

0.048 0.096 0.144 SEM 
BD vs. 

LM 

BD vs. 

DLM 

LM vs. 

DLM 

Initial BW, 

kg 
  7.16    7.15    7.15    7.16 

 
   7.15    7.15    7.15   0.02 0.913 0.885 0.960 

Finial BW, 

kg 
 11.53  13.86  14.49  14.35 

 
 13.73  13.99  13.81   0.27 < 0.001 < 0.001 0.088 

d 0 to 5 
            

 ADG, g 116 175 242 188 
 

169 163 155 18 0.001 0.032 0.011 

 ADFI, g 289 334 377 342 
 

332 341 316 17 0.003 0.044 0.131 

 Gain:feed    0.40    0.51    0.64    0.55 
 

   0.50    0.47    0.49   0.04 0.001 0.067 0.024 

d 5 to 10 
            

 ADG, g 188 301 328 338 
 

296 325 322 20 < 0.001 < 0.001 0.637 

 ADFI, g 423 578 619 619 
 

564 594 571 28 < 0.001 < 0.001 0.209 

 Gain:feed    0.44    0.52    0.53    0.55 
 

   0.53    0.55    0.57   0.03 0.014 0.004 0.481 

d 10 to 15 
            

 ADG, g 287 456 462 457 
 

454 444 441 26 < 0.001 < 0.001 0.557 

 ADFI, g 618 836 858 840 
 

820 820 841 27 < 0.001 < 0.001 0.421 

 Gain:feed    0.46    0.54    0.53    0.54 
 

   0.55    0.53    0.53   0.02 0.002 0.002 0.947 

d 15 to 20 
            

 ADG, g 284 422 435 455 
 

395 436 412 24 < 0.001 < 0.001 0.256 

 ADFI, g 590 765 814 805 
 

754 800 802 22 < 0.001 < 0.001 0.610 

 Gain:feed    0.48    0.55    0.53    0.57 
 

   0.52    0.54    0.51   0.02 0.024 0.149 0.225 

d 0 to 10             

 ADG, g 152 238 285 263  232 253 238 14 < 0.001 < 0.001 0.076 

 ADFI, g 356 456 498 480  448 480 443 20 < 0.001 < 0.001 0.201 

 Gain:feed    0.42    0.52    0.57    0.55     0.52    0.53    0.54 0.02 < 0.001 < 0.001 0.340 
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Table 8. Continued.  

d 0 to 20 
            

 ADG, g 219 337 367 360 
 

329 342 334 14 < 0.001 < 0.001 0.087 

 ADFI, g 480 629 667 651 
 

618 639 632 18 < 0.001 < 0.001 0.205 

 Gain:feed     0.45     0.53     0.55     0.55 
 

    0.53     0.53     0.53  0.01 < 0.001 < 0.001 0.170 
1
LM = L-Met (99%); DLM = DL-Met (99%); BD = basal diet. 

2
Each mean represents 8 pens of 3 pigs per pen. 
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Table 9.  Plasma urea nitrogen of pigs fed graded levels of either LM or DLM
1,2

 

 
BD 

Added LM, % 
 

Added DLM, % 
 

P - Value 

Item 0.048 0.096 0.144 
 

0.048 0.096 0.144 SEM BD vs. LM BD vs. DLM LM vs. DLM 

Plasma urea nitrogen, µg/mL 
        

 d 10 6.38 2.25 1.62 1.88 
 

2.63 2.38 2.25 0.29 < 0.001 < 0.001 0.042 

d 20 6.13 3.00 2.38 1.50 
 

2.71 2.50 2.62 0.41 < 0.001 < 0.001 0.358 

1
LM = L-Met (99%); DLM = DL-Met (99%); BD = basal diet. 

2
Each mean represents an average of 8 pigs from 8 pens. 
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Figure 1. Daily gain of pigs with increasing intake levels of either supplemental L-Met (LM) 

or DL-Met (DLM)  from d 0 to d 10.  
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Figure 2. Gain:feed ratio of pigs with increasing intake levels of either supplemental L-Met 

(LM) or DL-Met (DLM)  from d 0 to d 10.  
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Figure 3. Daily gain of pigs with increasing intake levels of either supplemental L-Met (LM) 

or DL-Met (DLM)  from d 0 to d 20.  
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Figure 4. Gain:feed ratio of pigs with increasing intake levels of either supplemental L-Met 

(LM) or DL-Met (DLM)  from d 0 to d 20.  
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Figure 5. Concentration of plasma urea nitrogen (PUN) of pigs with increasing intake levels 

of either supplemental L-Met (LM) or DL-Met (DLM) on d 10. 



 

 

233 

 

 
Figure 6. Concentration of plasma urea nitrogen (PUN) of pigs with increasing intake levels 

of either supplemental L-Met (LM) or DL-Met 
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CHAPTER 7 

SUPPLEMENTATION OF L-METHIONINE HAS BENEFICIAL EFFECTS ON 

INTESTINAL REDOX STATUS, DEVELOPMENT, AND GROWTH 

PERFORMANCE OF YOUNG CHICKS COMPARED WITH DL-METHIONINE  
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Abstract: A total of 888 (half male and half female) 1-d-old Ross 308 broiler chicks 

were weighed and randomly allotted to 7 dietary treatments in a randomized complete block 

design: 1) basal diet (BD), 2) BD + 0.095% L-Met (LM), 3) BD + 0.190% LM, 4) BD + 

0.285% LM, 5) BD + 0.095% DL-Met (DLM), 6) BD + 0.190% DLM, and 7) BD + 0.285% 

DLM.  Chicks were reared in cages in two windowless air-conditioner controlled houses for 

21 d. During the entire 21 d, supplementation of either LM or DLM enhanced ADG and 

gain:feed ratio (P < 0.001) compared with chicks fed the BD.  Chicks fed diets supplemented 

with LM had greater (P = 0.05 and P < 0.05, respectively) ADG and gain:feed ratio than 

chicks fed diets supplemented with DLM.  The relative bioavailability of LM to DLM for 

ADG and gain:feed ratio was 138.2% and 140.7%, respectively.  On d 7, chicks fed a diet 

supplemented with either 0.285% LM or 0.285% DLM had greater (P < 0.05) concentrations 

of glutathione (GSH) and less (P < 0.05) protein carbonyl and malonedialdehyde content in 

duodenum mucosa compared with chicks fed BD.  Chicks fed a diet supplemented with 

0.285% LM had greater (P < 0.05) total antioxidant capacity (TAC) in duodenum mucosa 

compared with chicks fed BD.  Chicks fed a diet supplemented with 0.285% LM had greater 

(P < 0.05) villus width compared with chicks fed a diet supplemented with 0.285% DLM.  

Chicks fed a diet supplemented with 0.285% LM had lower (P < 0.05) crypt depth and 

greater (P < 0.05) villus height:crypt depth ratio compared with chicks fed a diet 

supplemented with 0.285% DLM or BD.  On d 21, chicks fed a diet supplemented with 0.285% 

LM had greater (P < 0.001) concentrations of GSH in duodenum mucosa compared with 

chicks fed BD and a diet supplemented with 0.285% DLM.  Chicks fed a diet supplemented 

with 0.285% LM had greater (P < 0.05) TAC and less (P < 0.05) protein carbonyl content in 
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duodenum mucosa and in liver compared with chicks fed BD and a diet supplemented with 

0.285% DLM.  Chicks fed a diet supplemented with 0.285% LM had greater (P < 0.05) 

villus height compared with chicks fed BD.  Chicks fed a diet supplemented with either 

0.285% LM or 0.285% DLM had greater (P < 0.05) villus width compared with chicks fed 

BD.  Overall, supplementations of either LM or DLM have beneficial effects on villus 

development in association with increased GSH production, levels of TAC, and reduced 

protein oxidation in duodenum.  Supplementation of LM served a better function on redox 

status and development of gut of young chicks compared with DLM.  Chicks fed diets 

supplemented with LM had better growth response than chicks fed diets with DLM. 

Key words: DL-methionine, gut development, L-methionine, broilers 

 

  



 

 

237 

 

Introduction 

Methionine is the first limiting amino acid in corn and soybean meal based diets of 

poultry (Dilger and Baker, 2007).  Because of the limitation in fermentation technology for 

producing crystaline L-Met (LM), conventionally in broilers’ diets supplemental Met is 

provided as chemically synthesized either DL-Met (DLM; 99% purity power) which 

contains 50% LM and 50% D-Met (DM) or an aqueous solution of 2-hydroxy-4-(methylthio) 

butanoic acid (HMTBA).  

There is a considerable volume of broiler data evaluating the relative bioavailability 

(RBA) between the isomers and analogs of Met.  Several studies have shown DM was 90 % 

as efficacious as LM (Marrett and Sunde, 1965; Bhargava et al., 1970, 1971; Sunde, 1972; 

Baker, 1986).  Therefore, it is generally accepted chicks can use DLM with about 95% 

efficacy relative to LM due to equal dietary contributions of the D- and L-isomers (Baker, 

2006).  Dilger et al. (2007) reported that the effectiveness of DLM to support weight gain and 

gain:feed was not less than that of LM in chicks.  However, Marrett and Sunde (1965) and 

Bhargava et al. (1970) indicated chicks supplemented with LM grow better than DM.  

Further studies by Bhargava et al. (1971) confirmed the improved growth by using LM 

associated with increased antibodies produced when chicks is challenged with Newcastle 

disease virus.  So it is suggested that LM may serve a better functional role than DM and 

consequently improve growth of chicks (Bhargava et al., 1971). 

Growth and development of gastric-intestinal tract requires a variety of functions of Met 

metabolism (Shoveller et al., 2003).  Met is an efficient reactive oxygen species scavenger 

and serves as the most important substrate for antioxidative defense system of the organism 
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(Levine et al., 1996; Brosnan and Brosnan, 2006).  Considering the oxdative stress associated 

with rapid development of gastric-intestinal tract of young animals, the functional role of Met, 

especially its antioxidative effect, may be beneficial for the development of the gastric-

intestinal tract of a rapid growing animal. 

However, LM is the only form that can exert a variety of biological functions in gastric-

intestinal tract level, because gastric intestinal cell had low expression of enzymes that 

required for the conversion of DM to LM (Thwaites and Anderson, 2007).  Therefore, LM 

may serve better functions on the growth and development of gastric-intestinal tract of young 

chicks compared with DLM.  The development of gut is a key to for the growth of animals.  

Thus, we hypothesized that, compared with DLM, supplementation of LM has beneficial 

effects on intestinal redox status, enteric development, and consequently growth performance 

of young chicks and consequently increase growth of young chicks.  

Materials and Methods 

The experimental protocol was approved by the Institutional Animal Care and Use 

Committee at North Carolina State University (Raleigh, NC). 

Animal and Design 

The experiment was conducted at the North Carolina State University Scott Hall. A 

total of 888 (half male and half female) 1-d-old Ross 308 broiler chicks hatched from broiler 

breeders maintained at the Piedmont Research Station (Salisbury, NC) were used in this 

study.  On d 0 of this experiment, 12 chicks were randomly selected and killed to collect 

duodenum and liver tissue.  Then the rest of chicks were weighed and randomly allotted to 7 
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dietary treatments in a randomized complete block design on the day of hatching. Dietary 

treatments included 1) basal diet (BD), 2) BD + 0.095% LM, 3) BD + 0.190% LM, 4) BD + 

0.285% LM, 5) BD + 0.095% DLM, 6) BD + 0.190% DLM, and 7) BD + 0.285% DLM.  In 

the beginning of the study, each treatment contained 12 cages with 10 chicks per cage, except 

for BD, BD + 0.285% LM, and BD + 0.285% DLM treatments which had 12 cages with 11 

chicks per cage.  Chicks with same gender were placed in one cage.  The cage was 

considered as the experimental unit.  Chicks were reared in cages in two windowless air-

conditioner controlled houses for 21 d.  Each room contained four 12-cage Petersime 

batteries.  Out of 12 cages in each treatment, 6 cages (half male and half female) of chicks 

were housed in one room.  The other 6 cages were housed in another room.  Sex and houses 

were blocking factor.  Each cage was 0.8 m wide by 1.2 m in length (10 chicks/m
2
) and 

contained one cuboid shape drinker and feeder.  Chicks had ad libitum access to water and 

feed throughout the study.  Feed additions were weighed and recorded.  Feeders were shaken 

once per day.  The broilers and feed were weighted on d 0, 7, 14, and 21 for computation of 

growth performance.  Dead chicks were removed and weighed daily to calculate mortality 

and adjust growth performance data.  The lighting program started with 23 h of light from 1 

to 7 d, 22 h of light to 14 d, and 20 h of light to 21 d, and natural light afterwards.  The 

temperature from hatching to 7 d was maintained at 32 to 34°C, 29ºC to 14 d, and 27ºC to 21 

d.  

The BD (Table 1) was formulated to be deficient in Met according to the Ross nutrient 

specification (2007).  The digestible Met and Met + Cys in BD were 0.28% and 0.56%, 

respectively.  Met content in BD contained endogenous Met at 60% of the Ross nutrient 
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specification (2007), but all other essential nutrients were adequate.  The dietary treatments 

supplemented with increasing levels of either LM or DLM brought the Met content to 70, 80, 

or 90% of Met requirement (Aviagen, 2007).  Supplemental LM was obtained from a 

commercial company (CJ CheilJedang Co., Seoul, Korea), whereas DLM was purchased 

locally by North Carolina State University Feed Mill (Raleigh, NC).  Analyses verified that 

test supplements LM and DLM contained 99.1 and 99.2% active substance, respectively.  

Test diets were prepared by adding the different sources of Met to a single common batch of 

BD to minimize unintended variations.  The concentrations of amino acids in final test diets 

were confirmed by analysis.  

Sample Collection and Processing 

On d 0, 12 chicks were randomly selected and killed.  On d 7 and d 21, 1 bird 

represented the average weight of the cage were selected and killed from BD, BD + 0.285% 

LM, and BD + 0.285% DLM treatments.  After euthanization, the gastric-intestinal tract and 

liver was quickly dissected.  Middle section of duodenum was isolated, flushed with saline 

solution.  Half of duodenum were fixed in 10% formaldehyde-phosphate buffer, and kept for 

microscopic assessment of mucosal morphology.  The other half of duodenum was then 

opened for scraping mucosa layer of intestine.  Mucosa of duodenum was scraped into a 

microassay tube and frozen in liquid nitrogen.  A part of liver was also collected into a 

microassay tube and frozen in liquid nitrogen.  Mucosa samples and liver sample were then 

stored in -80°C until analyzed for concentrations of glutathione (GSH), total antioxidant 

capacity (TAC), protein carbonyls, and malonedialdehyde (MDA) as markers for oxidative 

and antioxiditive status.  
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Malonedialdehyde 

Concentrations of MDA in mucosa of duodenum and liver, as index of lipid 

peroxidation, were analyzed using the ELISA kit.  Mucosa samples (150 mg) of duodenum 

and liver (150 mg) were weighed and suspended into 0.6 ml PBS containing 0.05% butylated 

hydroxytoluene.  Mucosa samples were homogenized (Tissuemiser, Thermo Fisher Scientific 

Inc., Rockford, IL) on ice.  The homogenate was centrifuged at 15,000 × g at 4°C for 30 min 

to collect supernatant.  The supernatant was used to determine concentrations of MDA and 

protein concentrations.  Concentrations of MDA were expressed as umol/g protein.  

Assessment of Protein Oxidation 

Protein carbonyl is biomarkers of oxidative stress.  Among the biomarkers of oxidative 

stress, protein carbonyl has some advantages because of the relative early formation and the 

relative stability of carbonylated proteins.  For the assessment of PC content, mucosa 

samples (150 mg) of duodenum were again weighted, suspended into 0.6 ml PBS buffer, and 

homogenized (Tissuemiser, Thermo Fisher Scientific Inc., Rockford, IL) on ice.  The 

homogenate was centrifuged at 15,000 × g at 4°C for 30 min.  The supernatant was used to 

determine concentrations of PC and protein using the ELISA kit (Cell Biolabs, San Diego, 

CA).  Concentrations of PC were expressed as umol/g protein.  

Glutathione 

Glutathione is ubiquitous antioxidant in cells.  Mucosa samples (200mg) of duodenum 

and liver (200mg) were weighed and suspended into 0.6 ml ice-cold buffer containg 5% 

metaphosphoric acid.  Samples were homogenized using a glass pestle on ice.  The 
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homogenate was centrifuged at 15,000 × g at 4°C for 30 min.  The supernatant was used to 

determine concentrations of total GSH and protein concentrations using the ELISA kit (Cell 

Biolabs, San Diego, CA).  Concentrations of total GSH were expressed as umol/g protein.  

Total Antioxidant Capacity 

Total antioxidant capacity characterizes the capacity of cell to deal with reactive 

oxygen species and free radicals.  Mucosa samples (200mg) of duodenum and liver (200mg) 

were weighed, suspended into 0.6 ml PBS buffer, and homogenized (Tissuemiser, Thermo 

Fisher Scientific Inc., Rockford, IL) on ice.  The homogenate was centrifuged at 15,000 × g 

at 4°C for 30 min.  The supernatant was used to determine concentrations of TAC and 

protein concentrations using the ELISA kit (Cell Biolabs, San Diego, CA).  Concentrations 

of TAC were expressed as umol/g protein.  

Small Intestinal Morphology 

The segments of duodenum were embedded in paraffin, cut cross the section to a 5-m-

thick slides, and mounted on a polylysine-coated slide.  Then slides were stained 

(hematoxylin and eosin) and examined under a Sony CCD color video camera attached to an 

Olympus Van-Ox S microscope (Opelco, Washington, DC).  Villus height (from the tip of 

the villi to the villous-crypt junction), villus width (width of the villus at one-half of the 

villus height), and crypt depth (from this junction to the base of the crypt) were determined 

(Shen et al., 2009).  Lengths of 10 well-oriented intact villi and their associated crypt were 

measured in each slide.  The same person executed all the analysis of intestinal morphology.  

Statistical Analysis 
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Data for each response were analyzed using the General Linear Model (PROC GLM) of 

SAS (SAS Inst. Inc., Cary, NC).  The design was randomized complete block design.  The 

cage was considered the experimental unit.  Gender and houses are block factor.  For growth 

performance, preplanned contrasts were used to evaluate the effects of Met sources (BD vs. 

LM, BD vs. DLM, and LM vs. DLM for an average of three supplemental levels).  A 

mutilinear regression analysis was used to evaluate the RBA of LM to DLM (Littell et al., 

1997).  The following mutilinear regression was applied: 

                

y = growth performance criterion (weight gain and gain:feed ratio); a = intercept (growth 

performance achieved with BD);    = the slope of LM line,    = the slope of DLM line;    = 

intake of supplemental of LM;    = intake of supplemental of DLM. The RBA values of LM 

to DLM were given by the ratio of the slope coefficients:       according to Littell et al 

(1997).  For other physiological changes, statistical differences among treatments were 

determined by the PDIFF option of the LSMEANS statement in GLM procedure.  Statistical 

differences were considered significant with P < 0.05, and P < 0.10 was used as the criteria 

for tendency. 

Results 

Growth Performance 

During the first 7 d, supplementation of LM increased (P < 0.05) ADG, ADFI, and 

gain:feed ratio compared with chicks fed the BD (Table 2).  Chicks fed diets supplemented 

with LM had greater (P < 0.05) ADG and tended to have greater (P = 0.061) gain:feed ratio 

than chicks fed diets supplemented with DLM.  During the entire 21 d, supplementation of 
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either LM or DLM enhanced ADG and gain:feed ratio (P < 0.001) compared with chicks fed 

the BD.  Chicks fed diets supplemented with LM had greater (P = 0.05 and P < 0.05, 

respectively) ADG and gain:feed ratio than chicks fed diets supplemented with DLM. 

For determination of the RBA of LM to DLM, the comparison of mutilinear regression 

equations for LM and DLM was applied.  In the mutilinear regression analysis, the absolute 

daily intake of either supplemental LM or DLM was used for the x axis.  During the first 7 d, 

the RBA of LM to DLM for ADG and gain:feed ratio was 217.2% and 436.9%, respectively 

(Figure 1 and 2).  During the entire 21 d, the RBA of LM to DLM for ADG and gain:feed 

ratio was 138.2% and 140.7%, respectively (Figure 3 and 4).  

Glutathione   

Concentrations of GSH in duodenum mucosa were measured over time (Figure 5).  On 

d 7, chicks fed a diet supplemented with either 0.285% LM or 0.285% DLM had greater (P < 

0.05) concentrations of GSH in duodenum mucosa compared with chicks fed BD.  There 

were no difference between supplementation of 0.285% LM and 0.285% DLM on 

concentrations of GSH in duodenum mucosa.  On d 21, chicks fed a diet supplemented with 

0.285% LM had greater (P < 0.001) concentrations of GSH in duodenum mucosa compared 

with chicks fed BD and a diet supplemented with 0.285% DLM. 

Concentrations of GSH were measured in liver on d 21 (Figure 6).  Chicks fed a diet 

supplemented with either 0.285% LM or 0.285% DLM had greater (P < 0.05) concentrations 

of GSH in liver compared with chicks fed BD.  There were no difference between 

supplementation of 0.285% LM and 0.285% DLM on concentrations of GSH in liver. 
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Total Antioxidant Capacity 

Levels of TAC in duodenum mucosa were measured over time (Figure 7). On d 7, 

chicks fed a diet supplemented with 0.285% LM had greater (P < 0.05) TAC in duodenum 

mucosa compared with chicks fed BD.  There were no difference between supplementation 

of 0.285% LM and 0.285% DLM on TAC in duodenum mucosa.  On d 21, chicks fed a diet 

supplemented with 0.285% LM had greater (P < 0.05) TAC in duodenum mucosa compared 

with chicks fed BD and a diet supplemented with 0.285% DLM. 

Levels of TAC were measured in liver on d 21 (Figure 8).  Chicks fed a diet 

supplemented with either 0.285% LM or 0.285% DLM had less (P < 0.05) TAC in liver 

compared with chicks fed BD.  Chicks fed a diet supplemented with 0.285% LM had greater 

(P < 0.05) TAC in liver than chicks fed a diet supplemented with 0.285% DLM. 

Protein Carbonyl 

Concentrations of protein cabonyl in duodenum mucosa were measured over time 

(Figure 9).  On d 7, chicks fed a diet supplemented with either 0.285% LM or 0.285% DLM 

had less (P < 0.05) protein carbonyl content in duodenum mucosa compared with chicks fed 

BD.  There was no difference between supplementation of 0.285% LM and 0.285% DLM on 

protein carbonyl content in duodenum mucosa.  On d 21, chicks fed a diet supplemented with 

0.285% LM and BD had less (P < 0.05) protein carbonyl content in duodenum mucosa 

compared with chicks fed a diet supplemented with 0.285% DLM. 

Concentrations of protein cabonyl were measured in liver on d 21 (Figure 10).  Chicks 

fed a diet supplemented with either 0.285% LM or 0.285% DLM had more (P < 0.05) protein 

carbonyl content in liver compared with chicks fed BD.  Chicks fed a diet supplemented with 
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0.285% LM had less (P < 0.05) protein carbonyl content in liver than chicks fed a diet 

supplemented with 0.285% DLM. 

Malonedialdehyde 

Concentrations of MDA in duodenum mucosa were measured over time (Figure 11).  

On d 7, chicks fed a diet supplemented with either 0.285% LM or 0.285% DLM had less (P 

< 0.05) concentrations of MDA in duodenum mucosa compared with chicks fed BD.  There 

were no difference between supplementation of 0.285% LM and 0.285% DLM on 

concentration of MDA in duodenum mucosa.  On d 21, There was no different among 

treatments on concentration of MDA.  Concentrations of MDA were measured in liver on d 

21 (Figure 12).  There was no different among treatments on concentration of MDA in liver.  

Duodenum Histology 

Histology of duodenum was measured over time (Figure 13 to 16).  On d 7, chicks fed 

a diet supplemented with 0.285% LM or BD had greater (P < 0.05) villus width compared 

with chicks fed a diet supplemented with 0.285% DLM.  Chicks fed a diet supplemented 

with 0.285% LM had lower (P < 0.05) crypt depth compared with chicks fed a diet 

supplemented with 0.285% DLM or BD.  Chicks fed a diet supplemented with 0.285% LM 

had greater (P < 0.05) villus height:crypt depth ratio compared with chicks fed a diet 

supplemented with 0.285% DLM or BD.  On d 21, chicks fed a diet supplemented with 0.285% 

LM had greater (P < 0.05) villus height compared with chicks fed BD.  Chicks fed a diet 

supplemented with either 0.285% LM or 0.285% DLM had greater (P < 0.05) villus width 

compared with chicks fed BD. 
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Discussion 

The growth and development of gastric-intestinal tract requires a variety of functions of 

amino acid metabolism, including protein synthesis, cell signaling, antioxidative function, 

and immune function (Shoveller et al., 2003; Wang et al., 2009).  Studies have shown one 

third of dietary intake of essential amino acids is utilized in first pass metabolism by the 

intestine (Stoll et al., 1998).  Moreover, metabolism of essential amino acids by the mucosal 

cells is quantitatively greater than amino acids incorporation into mucosal protein (Stoll et 

al., 1998).  So it has been proposed that the metabolism and functions of amino acids may 

represent a functional requirement by the intestine (Windmueller and Spaeth, 1980; Roberton 

et al., 1991; Stoll et al., 1998; Riedijk et al., 2007).  Notably, when comparing the essential 

amino acid that being metabolized in gastric-intestinal tract, on average the utilization of Met 

in gastric-intestinal tract tends to be greater than other essential amino acid (Stoll et al., 

1998).  Thus, there appears to be a specific functional need for Met in gastric-intestinal tract 

of young animals. 

Methionine is an important methyl donor for most biological methylation reactions 

(Brosnan and Brosnan, 2006).  Met is also a precursor for cysteine, which plays a key role in 

maintaining protein function and redox status.  In addition, Met serves as a precursor of 

glutathione, taurine, and inorganic sulfur, which are major cellular antioxidant (Brosnan and 

Brosnan, 2006).  Thus, the functional role of Met in gastric-intestinal tract, especially its 

antioxidative effect, may be the key requirement of the growth and development of the 

gastric-intestinal tract of a rapid growing animal and consequently impact the growth. 

In the current study, supplementation of either form of Met improved villus 
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development, total GSH production, and levels of TAC in duodenum mucosa.  Moreover, 

concentrations of protein carbonyl and MDA in duodenum mucosa were reduced.  Those 

results indicated that supplementation of Met can improve redox statue by increasing the 

antioxidant capacity and reducing oxidative stress in gastric intestinal mucosa of chicks and 

the antioxidative role of Met might have beneficial effects on the growth and development of 

gut.  Our data showed that chicks fed a diet supplemented with 0.285% LM had better villus 

height:crypt depth ratio compared with chicks fed with 0.285% DLM.  The morphology data 

supported the idea that LM as direct source of Met had greater beneficial effects on gut 

development compared with DLM.  Total GSH production in duodenum mucosa was 

increased for chicks fed diet supplemented with 0.285% LM compared with chicks with 

0.285% DLM.  Thus, as a more direct source of Met, LM served as a better function for 

duodenum GSH synthesis and first pass metabolism than DLM.  Notably, the TAC in 

duodenum mucosa was also increased for chicks fed diet supplemented with 0.285% LM 

compared with chicks with 0.285% DLM.  Levels of protein carbonyl in duodenum mucosa, 

which are indicators of protein oxidation, were reduced for chicks fed a diet supplemented 

with 0.285% LM compared with pigs with 0.285% DLM.  Those results indicated LM serves 

a better role in improving the redox statue of gastric intestinal mucosa cell compared with 

DLM.  

One possible explanation for the improved redox status would be the increased GSH 

production in the gut by L-Met compared to DL-Met.  GSH plays an important role in 

antioxidative defense.  Besides, L-Met itself is an efficient reactive oxygen species scavenger 

and serves as important antioxidant under physiological condition (Levine et al., 1996; Luo 
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and Levine, 2009).  A variety of reactive oxygen species react readily with L-Met residues in 

proteins to form Met sulfoxide (Moskovitz et al., 1997; Moskovitz et al., 2001; Kryukov et 

al., 2002).  Then Met sulfoxide reductases catalyze a reduction of Met sulfoxide back to L-

Met, consequently scavenging the reactive species (Kryukov et al., 2002; Luo and Levine, 

2009).  D-Met can also be oxidized to D-Met sulfoxide.  However, a study in mice and 

chicks has shown D-Met sulfoxide is much less bioactive than L-Met sulfoxide, which 

indicates D-Met is less sensitive to Met sulfoxide reductases and has less antioxiditive 

function in mucosa cell as compared with L-Met (Kuzmicky et al., 1977; Friedman and 

Gumbmann, 1988).  This also can explain why L-Met had better antioxidative status 

compared with DL-Met. 

In liver, supplementation 0.285% of either LM or DLM increased total GSH production.  

This confirmed that supplementation of either form of Met improved the metabolic function 

of Met.  Interestingly, chicks fed BD had higher levels of TAC and lower levels of protein 

carbonyl as well as MDA as compared with chicks fed diets supplemented with crystal Met.  

Notably, the BD is imbalanced in amino acids.  Amino acid imbalance would result in 

increased uric acid production in liver of chicks (Donsbough et al., 2010).  Uric acid is an 

effective antioxidant (Ames et al., 1981).  Thus, it is proposed that increased levels of TAC 

and reduced oxidative stress in liver of chicks fed BD is due to the over production of uric 

acid.  

There is a considerable volume of broiler data that evaluated the RBA between LM and 

DLM (Marrett and Sunde, 1965; Bhargava et al., 1970, 1971; Sunde, 1972; Baker, 1986; 

Dilger and Baker, 2007).  Several studies indicate chicks can use DLM with about 95% 
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efficacy relative to LM (Baker, 1986; Dilger and Baker, 2007).  Dilger et al. (2007) reported 

that the effectiveness of DLM to support weight gain and gain:feed was similar with that of 

LM in chicks.  However, most of the studies done to evaluate the relative effectiveness 

between LM to DLM used chicks at d 8 to 20 of age or even older (Dilger and Baker, 2007).  

In the current study, The RBA of LM to DLM was calculated as 217.2% and 436.9% for 

ADG and gain:feed ratio during first 7 d.  Whereas, The RBA of LM to DLM was calculated 

as 138.2% and 140.7% for overall ADG and gain:feed ratio.  It seems that utilization 

efficiency of different Met sources is a function of age of chicks.  Chicks at younger age 

cannot fully utilize DM well.  Studies have shown that intestinal weight increased more 

rapidly than other body organs, reaching a peak at about d 6 (Uni et al., 1998; Uni et al., 

1999).  So for post hatched chicks, the functional requirement of amino acids for growth and 

development of gut is higher. Considering the better functional role in the redox status and 

villus development that LM achieved compared with DLM in current study, the difference of 

RBA calculated at different age may simply due to the difference of the functional 

requirement for Met.  During first week post hatch, the functional requirement for gut 

development favors LM to have a higher RBA than DLM.  Whereas, later on when most of 

nutrient absorbed may pass through gut as well as liver and go to other organ for protein 

synthesis, the relative effectiveness of LM to DLM became identical to each other.  

Overall, supplementations of either LM or DLM have beneficial effects on villus 

development in association with increased GSH production, levels of TAC, and reduced 

protein oxidation in duodenum.  Supplementation of LM served as a better function on redox 

status and the development of gut of young chicks as compared with DLM.  Chicks fed diets 
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supplementated with LM had better growth response than chicks fed diets supplemented with 

DLM. 
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Table 1. Composition of the basal diet (%, as-fed basis)
1
 

Ingredient 

   Corn         58.65 

  Soybean meal        34.34 

  L-Lys HCl              0.28 

  L-Thr               0.11 

  L-Cysteine               0.03 

  Dicalcium phosphate 2.16 

  Ground limestone                 1.28 

  Salt 0.40 

  Vitamin premix
2
 0.05 

  Mineral premix
3
 0.20 

  Sodium selenite premix 0.05 

  Choline chloride (60% choline) 0.20 

  Poultry fat               2.25 

Total 100.00 

Calculated nutrient composition 

   DM, %  91.4 

  ME, Mcal/kg  3.05 

  CP, %  21.24 

  Crude fat, %  4.34 

  Digestible Arg, % 

 

 1.30 

  Digestible Lys, % 

 

 1.27 

  Digestible Met, %             0.28 (0.23)
*
 

  Digestible Met + Cys, %             0.56 (0.49)
*
 

  Digestible Thr, % 

 

 0.83 

  Digestible Trp, % 

 

 0.22 

  Digestible Leu, % 

 

 1.63 

  Digestible Ile, %   0.83 

  Digestible Val, %   0.90 

  Sodium, %   0.18 

  Potassium, %   0.86 

  Chloride, %   0.32 

  Na + K – Cl, Meq/Kg           208 

  Ca, %  1.05 

  P available, %  0.50 

  P total, %  0.75 
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Table 1. Continued.  
1
The basal diet contained 0.28 and 0.28% digestible Met and Cys, respectively, which 

represented 60% of total sulfur amino acid requirement of broiler. The dietary treatments 

supplemented with increasing levels (0.095, 0.190, or 0.285%) of either DL-Met or L-Met 

brought the total sulfur amino acid content to 70, 80, and 90% of total sulfur amino acid 

requirement. 
2
Vitamin premix (NCSU-90) provided per kilogram of diet: Vitamin A, 6,600 IU; 

cholecalciferol, 2,000 IU; Vitamin E, 33 IU (spring time study) or 16 IU (summer time 

study); Vitamin B12, 19.8 μg; riboflavin, 6.6 mg; niacin, 55 mg; pantothenic acid, 11 mg; 

Vitamin K, 2 mg; folic acid, 1.1 mg; thiamine, 2 mg; pyridoxine, 4 mg; biotin, 126 mg. 
3
Trace mineral (TM-90) premix provided in milligrams per kilogram of diet: Manganese, 

120; zinc, 120; iron, 80; copper, 10; iodine, 2.5; cobalt, 1.0. Selenium premix as either 

sodium selenite or organic selenium (Sel Plex 50) was provided to each diet at a level to 

assure a concentration of either 0.1 or 0.3 ppm.  
*
Analyzed value 
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Table 2.  Growth performance of broilers fed graded levels of either DL-Met or L-Met
1
 

  

BD 

Added DLM, %   Added LM, %   P - Value 

Item            0.095 0.190 0.285   0.095 0.190 0.285 SEM 

BD vs. 

DLM 

BD vs. 

LM 

LM vs. 

DLM  

d 0 to 7 

             ADG, g 12.7 13.2 13.2 13.6 

 

13.8 14.5 13.6 0.4 0.194 0.007 0.040 

 ADFI, g 17.2 17.4 17.6 18.0 

 

18.2 18.5 17.4 0.3 0.164 0.025 0.212 

 Gain:feed  0.740 0.755   0.749   0.755 

 

  0.761   0.785   0.785 0.015 0.440 0.037 0.061 

d 7 to 14 

             ADG, g 31.3 33.7 33.1 34.6 

 

35.1 35.8 33.4 1.0 0.030 0.004 0.263 

 ADFI, g 48.5 46.5 45.4 46.9 

 

47.6 48.1 44.5 0.9 0.051 0.130 0.522 

 Gain:feed  0.647 0.724   0.729   0.738 

 

  0.737   0.743   0.749 0.014 < 0.001 < 0.001 0.290 

d 14 to 21 

            ADG, g 48.1 53.4 55.0 56.8 

 

55.1 58.7 58.3 1.8 0.001 < 0.001 0.131 

 ADFI, g 80.5 76.8 77.8 80.1 

 

78.9 80.4 78.4 1.8 0.274 0.531 0.505 

 Gain:feed  0.598 0.694   0.706   0.709 

 

  0.698   0.730   0.746 0.017 < 0.001 < 0.001 0.128 

d 0 to 21 

             ADG, g 30.7 33.5 33.8 35.0 

 

34.7 36.3 35.1 0.8 <0.001 < 0.001 0.054 

 ADFI, g 48.7 46.9 47.0 48.3 

 

48.2 49.0 46.8 0.9 0.219 0.505 0.423 

 Gain:feed  0.631 0.712   0.719   0.724     0.719   0.741   0.752 0.010 < 0.001 < 0.001 0.022 
1
LM = L-Met (99%); DLM = DL-Met (99%); BD = basal diet. Each mean represents 12 cages of 10 chicks per pen. 
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Figure 1. Daily gain of broilers with increasing intake levels of either supplemental L-Met 

(LM) or DL-Met (DLM)  from d 0 to d 7 
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Figure 2. Gain:feed  ratio of broilers with increasing intake levels of either supplemental L-

Met (LM) or DL-Met (DLM)  from d 0 to d 7 
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Figure 3. Daily gain of broilers with increasing intake levels of either supplemental L-Met 

(LM) or DL-Met (DLM)  from d 0 to d 21 
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Figure 4. Gain:feed ratio of broilers with increasing intake levels of either supplemental L-

Met (LM) or DL-Met (DLM)  from d 0 to d 21. 
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Figure 5. Effect of feeding either supplemental L-Met (LM) or DL-Met (DLM) on 

glutathione (GSH) concentrations in duodenum of broilers at d 0, 7, and 21. Each data point 

represents the mean ± SE of 12 chicks. * P < 0.05; *** P < 0.001  
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Figure 6. Effect of feeding either supplemental L-Met (LM) or DL-Met (DLM) on 

glutathione (GSH) concentrations in liver of broilers on d 21. Each bar represents the mean ± 

SE of 12 chicks. 
a,b

Values with different letters are different at P < 0.05.  
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Figure 7. Effect of feeding either supplemental L-Met (LM) or DL-Met (DLM) on total 

antioxidant capacity (TAC) in duodenum of broilers at d 0, 7, and 21. Each data point 

represents the mean ± SE of 12 chicks. * P < 0.05  
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Figure 8. Effect of feeding either supplemental L-Met (LM) or DL-Met (DLM) on total 

antioxidant capacity (TAC) in liver of broilers on d 21. Each bar represents the mean ± SE of 

12 chicks. 
a,b,c

Values with different letters are different at P < 0.05.  
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Figure 9. Effect of feeding either supplemental L-Met (LM) or DL-Met (DLM) on protein 

carbonyl concentrations in duodenum of broilers at d 0, 7, and 21. Each data point represents 

the mean ± SE of 12 chicks. * P < 0.05  
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Figure 10. Effect of feeding either supplemental L-Met (LM) or DL-Met (DLM) on protein 

cabonyl concentrations in liver of broilers on d 21. Each bar represents the mean ± SE of 12 

chicks. 
a,b,c

Values with different letters are different at P < 0.05.  
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Figure 11. Effect of feeding either supplemental L-Met (LM) or DL-Met (DLM) on 

malonedialdehyde (MDA) concentrations in duodenum of broilers at d 0, 7, and 21. Each 

data point represents the mean ± SE of 12 chicks. * P < 0.05  
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Figure 12. Effect of feeding either supplemental L-Met (LM) or DL-Met (DLM) on 

malonedialdehyde (MDA) concentrations in liver of broilers on d 21. Each bar represents the 

mean ± SE of 12 chicks.  
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Figure 13. Effect of feeding either supplemental L-Met (LM) or DL-Met (DLM) on villus 

height of broilers at d 0, 7, and 21. Each data point represents the mean ± SE of 12 chicks. * 

P < 0.05  
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Figure 14. Effect of feeding either supplemental L-Met (LM) or DL-Met (DLM) on villus 

width of broilers at d 0, 7, and 21. Each data point represents the mean ± SE of 12 chicks. * P 

< 0.05  

  



 

 

273 

 

  
Figure 15. Effect of feeding either supplemental L-Met (LM) or DL-Met (DLM) on crypt 

depth of broilers at d 0, 7, and 21. Each data point represents the mean ± SE of 12 chicks. * P 

< 0.05  
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Figure 16. Effect of feeding either supplemental L-Met (LM) or DL-Met (DLM) on villus 

height:crypt depth of broilers at d 0, 7, and 21. Each data point represents the mean ± SE of 

12 chicks. * P < 0.05  
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CHAPTER 8 

GENERAL CONCLUSION 
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A growing body of literature has led to the recognition of the beneficial effect of 

dietary supplementation of functional AA in animal diets. However, due to the high cost and 

limited availability issue, the functional application of AA in animal industry has long been 

limited. Among functional AA, Trp and Met are currently widely used in animal industry. 

With the improvement of fermentation technology, the cost of Trp and Met are decreasing. 

There is a good potential to apply the functional role of Trp and Met in animal industry. 

One of the major functional role of Trp in body is for synthesis of 5-HT. The cerebral 

neurotransmitter 5-HT plays a major role in the regulation of various behavioral and 

physiological processes such as mood, stress response, activity, and aggressive behavior. Our 

studies confirmed that large dose of L-Trp supplementation improved growth performance in 

associated with increased hypothalamic 5-HT production and reduced stress response but not 

affecting aggressive behavior for nusery pigs. Thus, dietary supplementation of high level of L-

Trp can effectively mitigate stress response of pigs. Moreover, we found when daily total Trp 

intake was 10.8 g, the benefical effect of L-Trp supplementation on stress response maximized, 

which is significantly higher than Trp requirement suggested by NRC (2.1 g/d; 1998).  

Currently, the cost of adding high level of L-Trp is still higher than the beneficial effects it 

brought on growth performance of pigs (calculated from study 3). However, the benefical effects 

of L-Trp supplementation can be further enhanced by reducing large neutral amino acid 

concentration. This suggest that dietary manipulation strategies regulating relative availability of 

Trp by altering dietary concentration of large neutral amino acids could be an effective way to 

facilitate the functional role of L-Trp and reduce the use of L-Trp for its maximal effect on stress 

response.   
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Deoxynivalenol (DON) reduces feed intake of animal. Brain 5-HT also regulates appetites. 

Indeed, it has been proposed that the feed refusal effect of DON is linked to 5-HT activites in the 

brain. In our studies, results showed a dietary low level exposure of naturally contaminated DON 

reduced feed intake and body weight of pigs. Those detrimental effects of DON on feed intake 

were related with L-Trp metabolism through increasing 5-HT turnover index in hypothalamus. 

Moreover, supplementing high level of L-Trp would not mitigate the feed refusal effect of DON. 

In the contrary, high level of L-Trp in the diet could even worsen the detrimental effect of DON 

on feed intake.  

Methionine, an indispensable amino acid for animals, normally is the first limiting 

amino acid in diets of poultry and second or third limiting amino acid in diets of pigs. 

Besides incorporated into protein, the major functional role of Met is to synthesize 

glutathione and exert antioxidative effects. In the current study, villus height and glutathione 

production in duodenum mucosa was increased and oxidative stress was decressed for pigs as 

well as broiler chicken fed diets supplemented with L-Met compared with DL-Met. Thus, we 

conclude that compared with DL-Met, use of L-Met as a source of dietary Met supplementation 

in nursery pig diets and broiler starter diets serves better functions for gut development by 

enhancing villus development in associated with reducing oxidative stress and improved GSH 

production of mucosa cells.  

Overall, Trp and Met can exert beneficial effect on growth, development, health status, 

and welfare of animals. With the improvement of fermentation technology, the application of 

the functional role of Met and Trp in improving growth, development, health status, and 

welfare of animals is promising in animal industry in future.   

 


