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ABSTRACT 

 

Raising healthy and fast-growing neonatal pigs improves overall productivity of 

swine production. High-lean type neonatal pigs have a large body size and a healthy body 

to resist disease but are fed with a low- protein diet. Providing required profiles of amino 

acids in a well-designed diet to neonatal pigs will allow more efficient swine production 

and decrease morbidity, mortality, feed cost, and nitrogen excretion. The main concern in 

sow-reared neonatal pigs is that less energy is provided by sows for piglet growth 

compared with artificially reared piglets. The nutrients from the sow’s colostrum and 

milk may not be able to provide maximum growth for neonatal pigs. Therefore, 

understanding the digestibility of dietary nutrients and the mechanism for regulating their 

utilization in neonatal pigs is crucial for improving the growth performance and health of 

the animals. This thesis covers: 1) determining the digestibility of nutrients in colostrum 

by neonatal pigs; and 2) the usefulness of N-carbamoylglutamate (NCG) as a dietary 

additive for neonatal pigs.     

In the first study, 12 one day old male piglets were selected from three litters (four 

per litter) and housed individually in metabolism crates. All piglets were fed colostrum 

containing 0.25% chromium oxide as an external marker based on the following feeding 

program: 6 meals per day for an entire 3-d period, with 40 mL/meal for d 1 (240 mL/d), 

55 mL/meal for d 2 (330 mL/d), and 70 mL/meal for d 3 (420 mL/d). Excreted feces and 

blood samples were collected for chemical analysis and immunoglobulin (Ig) G analysis, 

respectively. The apparent digestibility of protein, DM, and total amino acids in 
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colostrum was calculated. Protein-bound and free amino acids in sow's colostrum were 

highly digestible (98.3 ± 0.1%) by neonatal pigs.  

In the second study, 27 seven days old piglets were weaned from sows and 

assigned randomly to 3 dietary treatments; 1) the positive control dietary treatment 

(CON) containing 66.8% whey protein concentrate without N-carbamoylglutamate 

(NCG) and glutamic acid providing 26% CP; 2) additional NCG supplementation 

(NCGS) containing 56.8% whey protein concentrate with 0.08% NCG and 3.83% 

glutamic acid providing 25% CP; and 3) with additional glutamic acid (GLU) containing 

56.8% whey protein concentrate with 3.91% glutamic acid providing 25% CP. Fresh 

liquid milk replacer was provided daily to piglets. Body weights of piglets were recorded 

and jugular venous blood samples were collected at d 7, 14, and 21 of age. Dietary of 

NCG supplementation might have an effect on the growth performance of neonatal pigs 

by elevating concentrations of essential amino acids. Adding NCG and/or glutamic acid 

supplementation might reduce the usage of protein in the diet. However, further research 

is needed with regard to increasing the sample size in order to have a “true” negative 

control. 
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CHAPTER I 

INTRODUCTION 

 

Despite technological changes and improved management, mortality of piglets 

remains a problem in pig production. Major losses in pig production are encountered 

from birth to weaning. Most pre-weaning mortality occurs within the first 3 d after birth 

(Tuchscherer et al., 2000). Out of 10,000 piglets, Glastonbury (1976) reported that the 

mean total mortality to weaning was 19.7%, and most losses occurred during the first 4 d 

of life. Another pre-weaning mortality study in pigs conducted by Svendsen et al. (1975) 

showed that 2.8 % of the live born pigs in the study died with enteropathies during the 

neonatal and immediate weaning period, and approximately 50% of fetal cases were 

association with an intestinal bacterial infection, which in most instances was caused by 

pathogenic stains of E. coli. Thus, low immuno-competency at birth resulting in 

heightened susceptibility to infectious pathogenesis would have a significant impact on 

the survival of newborn pigs. 

Increasing efficiencies and associated reduced production costs are continually 

required to maintain pig production levels and enhance profitability. One method for 

increasing production and profitability is exploitation of the rapid growth potential of the 

young pig. Hodge (1974) and Boyd et al. (1995) demonstrated that the artificially reared 

neonatal pigs are capable of growing at least 50% faster than those of sow-reared piglets. 

Harrell et al. (1993) indicated that a sow needs to produce 18 kg/d of milk to supply 

piglets with enough energy to grow at the rate comparable to artificial-reared piglets at 

the same age. Thus, one of the reasons why piglets are restricted in rate of growth is the 
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inadequate amount of milk produced by the sow. A heavier piglet at birth is more likely 

to survive, and one that is heavier at weaning is likely to grow faster and cost the 

producer less money and take fewer days to reach market weight (Pollmann, 1993). 

Larger birth weights were observed to be associated with increased probability of pre-

weaning survival (Tyler et al., 1990); however, Pluske et al. (1998) suggested that the 

compositions of sow’s colostrum and milk restrict the potential for lean tissue growth in 

the piglets.  

Nutrition plays an important role in determining the survival rate and growth 

performance of newborn and pre-weaned pigs during the postnatal period. The amino 

acid composition in sow’s colostrum and milk should be a useful guide to the optimal 

balance of amino acid required by the newborn and pre-weaning pigs. The absorbed 

amino acids of sow’s colostrum and milk could also be used as a basis for optimal dietary 

amino acid balance. On the other hand, artificial rearing pig requires the use of suitable 

alternatives to sow’s milk, and milk substitutes must have a composition that meets the 

neonatal nutrient requirements. Particularly in a situation of inadequate adaptation to 

postnatal life, it is important that artificial diets are optimized to stimulate normal organ 

function and maturation.   

Sow’s colostrum provides protein, energy, maternal antibodies, numerous 

vitamins and trace elements. The nutritional role of these nutrients in the colostrum is 

important, and the survival rate of the piglets could be affected by their levels (Aumaitre 

and Seve, 1978). However, by analyzing the amino acid pattern in the milk and 

estimating arginine requirement of piglets for growth, arginine was found to be deficient 

in sow’s milk (Wu and Knabe, 1994; Wu and Knabe, 1995). Arginine is thought to be an 
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essential amino acid for the maximal growth of young mammals (Flynn et al., 2002; 

Southern and Baker, 1983). Therefore, the metabolite and catalyst in the synthesis of 

arginine, and arginine itself have been further evaluated for improvement of growth 

performance of neonatal pigs and neonatal pig production.    

The hypotheses of the studies described herein are as follows: 1) nutrients, such as 

amino acids and crude protein, in colostrum are highly digestible and well-utilized by 

newborn piglets for survival (Chapter III); 2) supplying dietary N-carbamoylglutamate 

(NCG) supplementation in the milk replacer would enhance the synthesis of arginine for 

maximal growth in neonatal piglets (Chapter IV).  

The objectives of the studies described in the thesis were: 1) to determine the 

digestibility of nutrients in sow’s colostrum by newborn piglets (Chapter III); 2) to 

determine the effect of dietary NCG supplement in the milk-fed young pigs on the growth 

performance in piglets (Chapter IV).  Overall, this thesis describes the amino acid 

nutrition of the newborn and pre-weaning piglets and the aspects of their growth 

performance and health.  
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CHAPTER II 

LITERATURE REVIEW 

 

Amino Acids 

In chemistry, an amino acid is a molecule that contains both amine and carboxylic 

acid functional groups. Amino acids are the basic structural building units of proteins. 

They form short polymer chains, peptides or polypeptides, which in turn form structures 

called proteins. There are 20 primary amino acids that occur in proteins. The biochemical 

and molecular actions of amino acids are of interest for designing new means to improve 

health and growth.  

Arginine, histidine, isolecine, leucine, lysine, methionine, phenylalanine, 

threonine, tryptophan, and valine are indispensiable or essential amino acids for piglets. 

The pig body cannot synthesize all of these amino acids except arginine, and they, 

therefore, must be obtained from the diet. Conversely, the amino acids can be synthesized 

in the body are termed dispensable or nonessential, including alanine, asparagine, 

aspartate, cysteine, glutamate, glutamine, glycine, proline, serine, and tyrosine. Essential 

amino acids have been emphasized for swine nutrition. 

The main function of dietary amico acids is to stimlate muscle protein synthesis. 

Individual amino acid has been proposed to act as signalling molecule that serves to 

regulate mRNA translation. Leucine has been suggested to have a signalling role in the 

simulation of muscle protein synthesis by enhancing availability of specific eukaryotic 

initiation factors (Anthony et al., 2000). Some amino acids have been implicated in 
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immune function, and some are important precursors of neurotransmitters and certain 

hormones (D’Mello, 2003).       

Sow’s colostrum and milk contain large amounts of glutamate and glutamine, but 

a negligible amount of ornithine and citrulline (Wu and Knabe, 1994). Glutamate serves 

as the main medium in amino-N exchange and is readily converted into other non-

essential amino acids. It plays an important role in protein metabolism (Heger, 2003). 

Dietary glutamate is catabolized almost completely in enterocytes of piglets to yield 

ATP, CO2, proline ornithine, citrulline, and arginine (Wu, 1998). Proline and alanine are 

relatively high in piglet’s plasma compared with glutamate. Glutamate with acetyl-CoA 

is used for synthesis of N-acetylglutamate (NAG) within liver and can up-regulate 

arginine in the urea cycle (Meijer et al., 1990).  

Glutamine was utilized by the enterocytes of the small intestine (Wu et al., 1994). 

Glutamine could contribute more energy ATP to enterocyte and gastrointestinal 

development (Wu et al., 1995). Wu et al. (1995) reported that glutamine synthesized 

citrulline and arginine in enterocytes in piglets from the day of birth to seven days old, 

and suggested the endogenous synthesis of arginine is important for the animal’s optimal 

growth, and the period in which newborn pigs grow rapidly required high levels of 

arginine (Roger et al., 1970). Moreover, glutamine can function as an immune modulator. 

Glutamine might also become available for the functioning of monocytes and 

macrophages, lymphocytes, and neutrophils (Alverdy, 1990). High concentrations of 

glutamine in the plasma could help piglets maintain lymphocytic tissue and for the 

synthesis of Ig.  
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Arginine is generally considered essential in neonates, because the metabolic 

pathways that synthesize this amino acid are not fully developed in neonates (Wu et al., 

2004). Arginine is the most aboundant nitrogen carrier in tissue protein and may be 

responsble for maximal growth of young mammals (Flynn et al., 2002 and Wu et al., 

1999). Formation of nitric oxide from argnine may regulate inflammation, and exogenous 

sources of arginine may help increase monocyte and lymphocyte proliferation and T-

helper cell formation (Suchner et al., 2002).  

Proline is not considered an essential amino acid. Previous study indicated there 

was no difference in pig growth performance between proline-free diet and proline 

supplementation diet (Murphy, 1992). However, young pigs that weighed 1 to 5 kg were 

unable to synthesize proline to meet their requirements (Ball et al., 1986 and Chung and 

Baker, 1993); thus, dietary proline was required for young pigs. Cysteine, tyrosine, and 

glutamine are nonessenial amino acids, but their funtions are being considered and 

cataloged as important as essential amino acids. Cysteine can reduce the need for its 

precusor, methionine. Moreover, reports have indicated histidine and histidine’s 

oxidation product cysteine can satisfy approximately 50 % of the need for total sulfur 

amino acids (Roth and Kirchgessener, 1989 and Chung and Baker, 1992). Macrophages 

release cysteine from the diet, and cysteine enhances intracellular concentrations of the 

cysteine-containing tripetide and glutathione in lymphocytes (D’Mello, 2003).    
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Digestion, Absorption, and Bioavailability of Amino Acids in Piglets 

Digestion of Amino Acids 

The digestion of protein starts in the gastric lumen continuing in the small 

intestinal lumen and is completed at the brush-border membrane of the enterocytes. 

Hydrochloric acid and gastric proteases start the protein digestion action in the gastric 

lumen. Hydrochloric acid is secreted by the parietal cells. Hydrochloric acid activates 

gastric proteases and denatures the dietary protein. The gastric secretory capacity 

increased more rapidly after pigs were fed with creep diet rather than fed by sow 

(Carnwell, 1985). The low gastric secretory capacity at birth may relate to immaturity of 

the parietal cells in newborn pigs. The acidity of gastric contents is about pH 5.5 to 7 in 

neonatal pigs during early postnatal period due to low gastric secretory capacity and the 

high buffering capacity of sow’s milk.  

Gastric proteases are secreted by the chief cells in the gastric gland. Pepsin A, 

pepsin B, pepsin C, and chymosin are four proteases. Chymosin has strong milk-clotting 

ability but weak proteolytic activity. Clotting milk by chymosin occurs through a specific 

cleavage of ĸ-casein. Milk-clotting may regulate gastric emptying and stimulate gastric 

development through gastric distention (Stadaas and Schrumpf, 1974). Prochymosin has 

the highest concentration at the time of birth. The concentration of prochymosin in fetal 

pig gastric tissue is detected as early as at 80 d of gestation (Sanggild et al., 1994). 

Pepsinogen A replaces the prochymosin to become the dominant protease in the gastric 

tissue of pigs by the 5th wk of age. The proteolytic activity of neonatal piglets is relatively 

low in the stomach due to gastric acid secretory capacity and the small amount of 

pepsinogen A secreted. The bioactive compounds, such as immunoglobulin, hormone, 
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growth factors, and bioactive peptides presented in the colostrum and milk are able to 

pass undegraded because of the low proteolytic activity. As a consequence, postnatal 

gastrointestinal development in neonatal pigs possibly could be regulated by those 

bioactive compounds (Xu et al., 2000).    

The pancreas also secretes many types of proteases, including trysin, 

chymotrypsin, elastase and carboxypeptidase A and B. Pancreatic proteases are secreted 

as proenzymes and are activated in the lumen of the small intestine. The starter phrase of 

protein digestion in the small intestine begins when activated pancreatic proteases in the 

small intestine cleave peptide bonds on the carboxyl side of amino acids. The 

carboxypeptidases remove a single amino acid from the carboxyl-terminal end of proteins 

and peptides. Oligopeptides generated by gastric and pancreatic proteases are further 

digested by the membrane peptidases to free amino acids or di- and tri-peptides before 

being absorbed. Aminopeptidase N is the most abundant membrane peptidase that 

cleaves amino acids from the N-terminus of oligopeptides.  

Absorption of Amino Acids 

Absorption of amino acids by pigs mainly occurs in the proximal region of the 

small intestine (Buraczewska, 1981). Intestinal mucosal cells absorb amino acids via 

active transport, simple diffusion, and facilitated diffusion. There are at least four 

sodium-dependent amino acid transporters in the luminal plasma membrane of the 

intestinal mucosal cells responsible for transporting amino acids into the cytoplasm 

(Herdt, 1992). Amino acids are subsequently oxidized or pass to the portal circulation for 

body use. After amino acids have been absorbed, they are used mainly for tissue protein 
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synthesis, synthesis of enzymes, hormones, and other metabolites, and deamination or 

transamination and use of the carbon skeleton for energy.  

The primary function of the enterocyte lining the villi in the proximal region of 

the small intestine is to absorb antibodies from the sow’s colostrum (Baintner, 1986). 

Immunoglobulins are macromolecules that are absorbed preferentially by the small 

intestine. The capacity for macromolecular absorption is very important in newborn pigs, 

which rely on passive immunity from colostral immunoglobulins. The fetal type of 

enterocytes responsible for macromolecular uptake is present at birth. Nineteen days after 

birth, the fetal type of enterocytes change to the adult type of enterocytes, which have the 

capacity to digest and absorb nutrients (Smith and Peacock, 1980).  From 24 to 36 h after 

birth, the transfer of macromolecules from the intestinal epithelium into the blood is 

decreased dramatically (Ekström and Weström, 1991). Gut closure is associated with the 

postnatal replacement of fetal intestinal enterocyte with cells that are incapable of 

internalizing macromolecules. Newborn pigs have a longer turnover time of enterocytes 

because the small intestine of older pigs is larger with longer villi, and damaged villi in 

the small intestine would be replaced with new villi at a faster rate than fetal-type villi.      

Amino acids also may be able to be absorbed to some extent in the large intestine. 

The proximal colon and the cecum in the newborn piglet have villus-like structures that 

are lined with columnar epithelium, and the epithelium exhibits well-defined mircrovilli 

on the luminar border. As the newborn piglets grow older, the villus structures are no 

longer present, and the mucosal surface has a relatively flat appearance (Xu et al., 1992). 

The morphological changes coincide with the transient ability of the large intestine of 

newborn pigs to absorb amino acids because the proximal colon has many of the 
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properties of a small intestine at birth (James and Smith, 1976). Colonic transport of 

amino acids seems to represent a transient overspill function of the small intestine. 

Darragh et al. (1994) reported that the capacity of the proximal colon to absorb amino 

acids is reduced to an insignificant level by the age of 15 d.   

Bioavailability of Amino Acids 

The protein and amino acid are not fully digested and absorbed. Undigested 

amino acids from the small intestine would be used for metabolism by microbes for the 

animal’s growth and development. Absorbed amino acids also are not fully metabolically 

available. Therefore, only a portion of the amino acids in the diet is biologically available 

to the pigs (NRC, 1998). To formulate a highly-effective pig diet, the bioavailable amino 

acid content must be known. The availability of amino acids is determined by 

digestibility measured at the end of the small intestine or from the pig’s fecal excretion 

(Low, 1982). Apparent ideal digestibility is measured at the end of small intestine and 

excludes the endogenous or exogenous origin of the indigestible nitrogen or amino acid. 

As a consequence, a low-protein diet is undervalued relative to a high-protein diet; 

however, apparent ileal amino acid digestibility is a more sensitive approach than fecal 

digestibility (Mosenthin and Rademacher, 2003). On the other hand, true digestibility 

coefficients are higher than apparent digestibility. True or standardized digestibility 

subtracted basal endogenous or exogenous losses from what is collected at the end of 

small intestine (Rademacher et al., 1999)  

The amount of amino acid, especially essential ones, in the diet and the relative 

proportions between them determine the deposition of protein in pigs. Amino acids from 

the diet are utilized by the gastrointestinal tract for maintenance and tissue accretion. 
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Knowing gross amino acid composition in the diet cannot provide a clear indication of 

the amount of amino acids nutritionally available to the pigs. Determining digestibility 

for each amino acid in the diet is used to correct the gross amino acid composition. Thus, 

amino acids absorbed by pigs and amino acid requirements can be determined. Further, 

new methods and technologies can be developed for enhancing pig growth rate. 

 

Metabolism and Utilization of Amino Acids in Piglets 

Metabolism of Amino Acids in the Small Intestine 

Terminal digestion and absorption of dietary nutrients including protein and 

amino acids is accomplished primarily in the small intestine. Stoll et al. (1998) 

demonstrated that catabolism dominates the first-pass intestinal utilization of dietary 

essential amino acids. Baracos (2004) depicted the important implication of intestinal 

metabolism having the ability to distribute large amounts of amino acids during eternal 

and parenteral feeding. The intestinal capacity for amino acid metabolism has great 

adaptation for amino acid mixture in the first pass under conditions of enteral feeding. 

Under parenteral feeding, the total amino acid requirement of the whole body is reduced 

and first-pass metabolism is no longer contributing to balancing the incoming amino acid 

mixture because of the dramatic atrophy of the intestine (Baracos, 2004).   

Wu (1998) concluded several points relative to the intestinal mucosal amino acid 

catabolism. First, the small intestinal mucosa plays an important role in degrading 

arginine, proline, branched-chain amino acids, and other essential amino acids. 

Glutamate, glutamine, and aspartate in the diet are catabolized by the small intestine 

mucosa. In addition, dietary amino acids are the major fuel, rather than glucose, for the 
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small intestine and are the essential precursors for intestinal synthesis of nitric oxide, 

polyamines, purine, and pyrimidine nucleotides (Burrine and Reed, 1997). Furthermore, 

intestinal amino catabolism plays an important role in adapting dietary amino acid 

availability to other body tissues. (Wu, 1998) 

Urea Cycle 

The urea cycle, also known as the ornithine cycle, is a cycle of biochemical 

reactions occurring in many pig organs that produces urea from ammonia (NH4
+). 

Organisms that cannot easily and quickly remove ammonia usually have to convert it to 

some other substance, like urea or uric acid, which are much less toxic. The cycle 

comprises a series of reactions involving the formation of arginine, ornithine, citrulline, 

and argininosuccinate.   

Arginine can be synthesized endogenously from glutamate via the intermediates, 

which are pyrroline-5-carboxylate, ornithine, citrulline, and argininosuccinate. Pyrroline-

5-carboxylate synthase and N-acytylglutamate synthase are the two key regulatory 

enzymes in the intestinal synthesis of citrulline (Wu et al., 1994). The gut has found to be 

the important site of endogenous synthesis in neonates. Nitric oxide is synthesized from 

arginine. Nitric oxide may play an important role in the responses to particular 

antinutrional factors. Moreover, it also plays a key role in cardiac function, 

neurotransmission, vasorelaxation, immunocompetence, male reproductive performace 

and gut moility.  

Plasma urea is recycled throughout the gasrointestinal tract in the pig (Deutz wt 

al., 1998). The liver is thought to be the primary site for endogenous urea production. The 

upper villus enterocytes were found to have the capability of synthesizing urea in pigs 
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(Davis and Wu, 1998). Urea synthesized by the enterocytes is excreted into the 

gastrointestinal lumen and may be utilized by intestinal miroorganisms and converted to 

microbial protein. Mircobial protein can be used by the pig for body protein accretion 

(Metges, 2000). Ammonia is produced though mircrobial deamination of amino acids and 

urea. Plasma ammonia was found to be relatively low in neonatal pigs compared with 

weaning pigs (Wu, 1995). The gastrointestinal urea recycling and intestinal microbial 

production of ammonia are relatively low in neonatal pigs, reulting in a relativly high 

plasma urea concentration.     

 

Amino Acid Requirements for Nursery Piglets 

Protein Requirement for Nursery Piglets 

Protein deposition in the piglet body primarily uses protein from the diet. 

Relatively large intakes of protein and energy are required by neonatal piglets for 

sustaining their rapid growth rate. The energy density of the diet could influence the 

voluntary feed intake of neonatal pigs. To satisfy the requirement for energy, the feed 

intake increases when the dietary energy is low. The gut capacity of neonatal pigs would 

also limit the feed intake. Piglets may not be able to consume sufficient amounts of a diet 

with a low energy density to maintain their optimal growth rate. Essential amino acids 

cannot be synthesized endogenously by neonatal pig and needed to be provided in the 

diet. Therefore, an adequate supply of essential acids must be ensured while considering 

dietary protein requirements. Growth models cannot be used to estimate energy or amino 

acid requirements for neonatal pigs because there is not sufficient information on 

biological relationships for neonatal pig less than 20 kg of BW. However, total dietary 
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lysine required between 3 and 20 kg of BW can be estimated by the equation given by the 

NRC (1998). The estimation yields 1.45% lysine at 5 kg, 1.25% lysine at 10 kg, 1.15% 

lysine at 15 kg, and 1.05% lysine at 20 kg of BW.        

Amino Acid Needs for Growth 

Sow’s milk is thought to provide adequate amino acids and basic nutrients needed 

for the growth of neonatal pigs. However, Hodge (1974) and Boyd et al. (1995) 

demonstrated that the artificially reared neonatal pigs are capable of growth rates at least 

50% greater than those of sow-reared piglets. From eight days old, piglets had exhibited 

sub-maximal growth, which may have resulted from inadequate intake of protein or 

energy from the sow’s milk (Boyd et al., 1995). Furthermore, arginine is an essential 

amino acid for the maximal growth of young mammals, but the ratio of arginine to lysine 

on a gram basis was 0.35 ± 0.02 and 0.97 ± 0.05 in sow’s milk and seven days old 

piglets, respectively (Wu et al., 1999). Results of this study suggested that there was low 

level of arginine in sow’s milk and neonatal pigs had synthesized substantial amount of 

arginine for their growth.      

House et al. (1998) determined the lysine requirement of neonatal piglets 

receiving total parenteral nutrition by oxidation of the indicator amino acid L-

phenylalanine. The ideal amino acid pattern for neonates receiving total parenteral 

nutrition can now be defined by a sensitive and minimally invasive measurement of 

amino acid kinetics.  
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The immunity System in Piglets 

Passive Immunity 

The fetal pig is well protected from external antigenic stimulation by the 

epitheliochorial placentation in the sow; therefore, the newborn piglet is immunologically 

naïve and has a sterile gut (Brambell, 1969). Because the immune system in newborn 

pigs is underdeveloped, antibodies in sow’s milk provide the first source of immune 

protection. The quantity and quality of antibodies in sow’s milk and the amount 

consumed and absorbed by newborn pigs are the factors determining the level of 

immunity in the newborn pigs (Holland, 1990). The anatomical changes in the intestine 

of newborn pigs affect the acquisition of maternal antibodies. Weström et al. (1985) 

demonstrated that Ig absorption declines gradually for 12 h after suckling because of gut 

closure in the newborn pigs. Colostrum is thought to stimulate gut closure. If newborn 

pigs fail to obtain adequate colostrum from the sow within the first 24 h of birth, gut 

closure would be delayed and the possibility of pathogens entering systematic circulation 

increases (Svendsen, 1990). Getting adequate amounts of colostrum is crucial for the 

future survival of the piglets.   

There are three classes of immunoglobulins (Ig) in sow’s colostrum. Three classes 

of immunoglobulins make up an average of 80% of the crude protein in sow’s colostrum 

(Klobasa et al., 1987). IgG makes up 76% of total Ig and is predominant in the colostrum. 

IgG is directly absorbed into the blood circulation by the newborn pigs and provides 

protection against bacteria and virus. After the first day of lactation, the concentration of 

IgG declines rapidly and is present thereafter only in trace amounts in sow’s milk. IgA 
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becomes the predominant Ig in sow’s milk by the third day of lactation (Darragh and 

Moughan, 1998). Secretory IgA in the milk is resistant to hydrolysis by proteases in the 

gastrointestinal lumen. Thus, secretory IgA used by newborn pigs blocks the adhesion of 

microbial pathogens to the intestinal epithelial surface and binds bacterial toxins. Specific 

antibodies are formed from secretory IgA against various microbial and viral antigens for 

newborn pigs and protect newborn pigs (Goldman and Goldblum, 1989). In addition, the 

Ig received by newborn pigs from the sow reflects the immunization history and 

pathogen exposure of the sow.     

Active Immunity 

After several weeks, neonatal pigs attain adult immune capacity. Active immunity 

takes in all the immune cells, macrophages, neutrophils, and leukocytes, and mediators 

that are endogenous to the neonatal pig. Innate immune response, nonspecific immunity, 

do not require exposure to the pathogen to effectively engage and can be rapidly 

mobilized against pathogens at the site. Neutrophils, which constitute 50% of the 

leukocytes in the blood, are the first line of defense to bacterial infection (Sandborg and 

Smolen, 1988). Neutrophils have oxidative and nonoxidative defense mechanisms against 

pathogens. Neutrophils contain proline-arginine-rich peptides, which have wound-healing 

properties, neutrophil chemoattractant activity, and are a potent inhibitor of the NADPH 

oxidase (Shi et al., 1994, Gallo et al., 1996, Huang et al., 1997, and Shi et al., 1996). 

Macrophages are large phagocyte leukocytes that are important for host defense and 

tissue repair and are central to the regulation of immune response. Macrophages are not a 

homogeneous cell population. They populate many tissue sites, but their functions are 

different between tissue sites or within the same tissue compartment (Bullido et al., 1997 
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and Khanna, et al., 1996). Natural killer cells also are mediators in innate immune 

responses. Natural killer cells can kill tumor or virus-infected cells. The activity of 

natural killer cells is absent in newborn pigs, and newborn pigs need 2 to 3 wk to develop 

this activity. Interestingly, natural killer cell assays for pigs require a longer incubation 

period than those of humans and rodents (Hennessy et al., 1990).  

Another immune response of active immunity is adaptive immunity, also called 

specific immunity. The B and T lymphocytes are primary mediators of specific 

immunities, and the lymphocytes are produced once the host has re-encountered the same 

pathogen. B lymphocyte secretes antibodies that mediate humoral immunity. Secreted 

antibodies bind to antigens on the surfaces of invading viruses or bacteria, which mark 

them for destruction. The T lymphocytes ultimately derive from haematopoietic stem 

cells in the bone marrow. Porcine T lymphocytes are divided into four subpopulations: 

CD4+CD8-, CD4-CD8+, CD4+CD8+, and CD4-CD8-. Brown et al. (2006) evaluated the 

ontogeny of T lymphocytes and intestinal morphological characteristics at different ages 

in neonatal pigs. The results indicated that the immune system changes occurred in 

lymphocyte phenotypic expression and functional capabilities, as well as morphology and 

mucin production as the young pig matures. The changes in the immune system gave 

further protection to the neonate from antigenic challenges once the passive immunity 

declined. 
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CHAPTER III 

DIGESTIBILITY OF NUTRIENTS IN COLOSTRUM BY NEONATAL PIGS 

 

Abstract 

This study was conducted to determine the digestibility of nutrients in sow's 

colostrum by neonatal pigs. Twelve one day old male piglets were selected from 3 litters 

(4 pigs/litter) and housed individually in metabolism crates with heating lamps to 

maintain a temperature of 35°C. Colostrum (13 L) was collected from 400 sows (30 to 40 

mL/sow) within 12 h postpartum after injection of oxytocin. All piglets were fed 

colostrum containing 0.25% (DM basis) chromium oxide as an external marker based on 

the following feeding program: 6 meals/d for an entire 3-d period; with 40 mL/meal for d 

1 (240 mL/d), 55 mL/meal for d 2 (330 mL/d), and 70 mL/meal for d 3 (420 mL/d). 

Colostrum was hand-fed using baby milk bottles. Entire fecal samples with chromium 

green color were collected each day until the color faded in the feces at d 4. Fecal 

samples were weighed, stored in -20°C, freeze-dried, and thoroughly ground for chemical 

analysis. Blood samples were collected on d 3 to obtain plasma samples for 

immunoglobulin (Ig) G analysis. The digestibility was defined as the percentage of 

ingested colostral nutrients disappeared in the gut. Digestibility of protein and DM in 

colostrum averaged 96.9 ± 0.4% and 98.3 ± 0.2%, respectively. Digestibility of total 

amino acids (protein-bound plus free amino acids) in the colostrum was 98.3 ± 0.1%, 

with the values being 98.5 ± 0.3, 98.2 ± 0.4, and 98.3 ± 0.3%, respectively, for lysine, 

threonine, and arginine. Plasma and colostral IgG contents were 3.44 ± 0.29 and 3.76 ± 
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0.65 g/L, respectively. In conclusion, protein-bound and free amino acids in sow's 

colostrum were highly digestible and available to neonatal pigs. 

 

Introduction 

Colostrum is a rich source of nutrients that plays not only a crucial role for growth 

and development of the newborn but it also provides immune protection and secretive 

growth factors for digestive development and metabolic requirements (Hartmann and 

Holmes, 1989). Colostrum consumption has been estimated to be around 5 to 7% of the 

piglet’s BW during the first hour of milking (Fraser and Rushen, 1992) and progressively 

increases during the fist 24 h after birth (Varley et al., 1987). After the newborn piglet 

begins to nurse, the gastrointestinal tract immediately exhibits profound physiological 

changes, including rapid growth and differentiation (Smith and Jarvis, 1978). Colostrum 

ingestion further enhances the rate of protein synthesis in skeletal and cardiac muscle, 

brain, and jejunum (Fiorotto et al., 2000). The newborn piglet requires regularity of 

nursing and substantial gluconeogenic activity by consuming colostrum to maintain 

normoglycemia (Lepine et al., 1991). Neonatal pigs receive immune protection from the 

sow by ingesting and absorbing colostral immunoglobulins (Ig). IgG makes up 76% of 

total Ig in colostrum and is directly absorbed into the blood circulation in newborn piglets 

to provide systematic protection against pathogens (Xu, 2003). The functions of 

colostrum to neonates have been well studied (Simmen et al., 1990; Burrin et al., 1994; 

Dunsea and Van Barneveld, 2003) and its role has been well reviewed (Hamosh, 1998; 

Playford et al., 2000; Sangild, 2003). However, to our knowledge, the bioavailability and 

digestibility of the nutrients in colostrum by neonates has not been evaluated. 
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Determination of digestibility of nutrients in colostrum will help determining how much 

colostral nutrients should be provided to the neonates. Thus, the objective of this study 

was to determine the digestibility of nutrients in sow’s colostrum by neonatal pigs.  

 

Materials and Methods 

Chemicals 

All chemicals used in this study for analysis of amino acids, feces, and colostrum 

were purchased from Sigma Chemical (St. Louis, MO). HPLC-grade solvents were 

obtained from Fisher Scientific (Fair Lawn, NJ). 

Colostrum Collection and Handling 

A quantity of colostrum (30 to 40 mL/sow) was manually milked from a total of 

400 sows (Yorkshire x Landrace, Duroc, and Yorkshire) within 12 h postpartum after an 

i.m. injection of oxytocin (20 IU) at the Swine Research Farm of The Ohio State 

University. The colostrum (13L) collection was frozen and shipped to Texas Tech 

University. All sows were fed with a corn-soybean meal-based diet which met or 

exceeded nutrient requirements recommended by the NRC (1998). Both feed and water 

via nipple drinkers were provided ad libitum. Collected colostrum was frozen upon 

collection at -20°C until entire batch was collected. Freezing the colostrum was shown to 

be methods to preserve its natural state (Mavromichalis et al., 2001). Prior to feeding the 

newborn piglet, colostrum was thawed in a warm water bath at 37oC, pooled, and 

thoroughly mixed in a large plastic container as chromium oxide (0.25% DM) added in 

the colostrum as an indigestible external indicator.  
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Animals and Sample Collection 

All experimental procedures using animals were approved by Texas Tech 

University Institutional Animal Use and Care Committee. Twelve one day old male 

newborn piglets (C-22 x PIC Boar) with an average initial BW of 1.57 ± 0.07 kg were 

selected from 3 litters (4 pigs/ litter) and kept in an environmentally controlled building 

and individually housed in metabolism crates (45.7 cm x 91.4 cm) exceeded 

recommended space allowance for nursing pig (FASS, 1999). Heating lamps were 

provided to maintain the surrounding temperature at 35oC. The piglets were fed 6 meals/d 

(0730, 1030, 1330, 1630, 1930, and 2230 h) during the 3-d experimental period by 

providing, 40 mL/meal for d 1 (240 mL/d), 55 mL/meal for d 2 (330 mL/d), and 70 

mL/meal for d 3 (420 mL/d). Colostrum was hand-fed using baby milk bottles (Clear 

View™, Nurser 5 oz, Gerber, Parsippany, NJ) allowing each pig to consume the allotted 

amount of colostum. Entire fecal samples with chromium green color were collected each 

day until the green color faded from the feces. Fresh fecal samples were weighed, stored 

in at -20°C, freeze-dried (Dura-Top (TM) Bulk Tray Dryer, FTS System, Inc., Stone 

Ridge, NY), re-weighed, and ground for further chemical analysis. Fecal samples from 

different days were pooled into 1 sample for each pig. Blood samples were collected 2 h 

after feeding (0900 h) via jugular venipuncture on d 3 to obtain plasma for further 

chemical analysis. 

Chemical Analyses 

Fecal samples were freeze-dried and water disappearance measured. Freeze-dried 

fecal samples were finely ground using a commercial blender (Sunbeam Products Inc., 

Boca Raton, FL) and stored at 4oC. DM content was determined by the desiccation of the 
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colostrum and fecal samples at 105oC for 4 h in a drying oven. Crude protein and crude 

fat were determined by the combustion method using LECO (AOAC, 1995) and by 

Babcock method using 8% testing bottle (AOAC, 1995), respectively. Crude ash was 

measured by the combustion of the samples in the muffle furnace at 500oC for 8 h 

(AOAC, 1995). The amino acid content of colostrum, fecal samples, and plasma was 

analyzed by an HPLC involving pre-column derivatization with o- phthaldiadehyde as 

described by Wu et al. (1993; 1997).  

Total concentration of the IgG was measured by an indirect enzyme-linked 

immunosorbent assay (ELISA) commercial kit specific for swine IgG (Bethyl 

Laboratories Inc., Montgomery, TX). Dilutions of 1:10,000 of plasma and colostrum and 

1:100,000 of HRP (Horeradish peroxidase) conjugate antibody were chosen.   

Calculation and Statistical Analyses 

The digestibility of nutrients was calculated by Eq. [1],  

DIG (%) = [(NI – NE) / NI] × 100 [1] 

where, DIG (%) is the apparent total tract digestibility of nutrients, NI is the 

amount of nutrient ingested, and NE is the amount of nutrients excreted. Considering that 

some proteins including immunoglobulins in colostrum are absorbed as peptides without 

be digested, a term ‘digestibility’ may not correctly represent the amount of ingested 

colostral nutrients disappeared in the gut. Therefore, in this study, digestibility was 

defined as the percentage of ingested colostral nutrients disappeared in the gut.  

Each piglet was considered as the experimental unit. Means and standard errors 

were obtained using SAS software (SAS Inst., Inc., Cary, NC). 
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Results 

Colostrum, Growth, Plasma, and Fecal Excretion  

The nutrient compositions of sow’s colostrum are shown in Table 3.1. The 

collected colostrum consisted of 21.9 ± 0.1% DM, 4.8 ± 0.4% crude fat, 14.9 ± 0.01% 

CP, and 0.2 ± 0.01% crude ash. Glutamate + glutamine (78.0 ± 5.0 mg/g) was the most 

abundant amino acid in colostrum followed by lysine (65.9 ± 2.6 mg/g) and proline (56.3 

± 0.9 mg/g) (Table 3.1).  

Growth performance of neonatal pigs from d 1 to d 3 is shown in Table 3.2. 

Average daily gain of neonatal pigs was 140.0 ± 7.6 g when colostrum intake averaged 

330 mL/d from d 1 to 3 of age. At d 3, glycine (738.5 ± 59.9 mmol/L) was the most 

abundant amino in newborn pigs’ plasma, followed by valine (681.6 ± 29.6 mmol/L), 

proline (607.5 ± 27.6 mmol/L), and glutamine (587.8 ± 34.4 mmol/L). The metabolites 

involved in the urea cycle, namely arginine, citrulline, and ornithine, had relatively low 

concentrations (Table 3.3). The total average plasma concentration of IgG on the 3 d of 

age for all piglets was 3.4 ± 0.3 g/L. The colostral concentration of IgG was 3.8 ± 0.7 g/L 

(Table 3.1).   

Fecal amino acid concentrations of neonatal pigs are shown in Table 3.4. Lysine 

(57.8 ± 3.3 mg/g) was the most abundant amino acid in feces followed by 

glutamate/glutamine (54.7 ± 2.8 mg/g) and proline (40.7 ± 1.6 mg/g)  

Digestibility of Nutrients  

Apparent total tract digestibility of protein and DM in colostrum averaged 96.9 ± 

0.4% and 98.3 ± 0.2%, respectively (Table 3.5). Digestibility of all amino acids was 98.3 

± 0.1%. Glutamate had the highest digestibility (98.8 ± 0.2%) among all amino acids. 
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Discussion 

The present study demonstrates quantitatively for the first time that proteins and 

amino acids in colostrum are highly digestible to neonatal pigs. This may be partly result 

of the fact that the neonatal intestine allows macromolecules such as Ig to be absorbed 

without being digested (Smith, 1988). In addition, protease inhibitors existing in sow’s 

colostrum assist absorption of Ig through the neonatal intestine (Laskowski et al, 1957). 

Thus, high percent of nutrients in colostrum disappeared in the gut and would have a 

greater digestibility value than those in mature milk. The true digestibility values for 

lysine, threonine and arginine in milk for 17-d-old pigs were found to be 92.1, 84.3, and 

90.4%, respectively (Mavromichalis et al., 2001). Considering that the digestibility 

obtained in this study was apparent values, true digestibility of nutrients in colostrum 

would even greater than the obtained values. 

Nutrient composition of sow’s colostrum could be substantially influenced by 

several factors including variation among sows, varying disease status, the difference in 

breeds, dietary regimen, and sow condition (Perrin, 1955; Gooneratne et al., 1982; Zou et 

al., 1992; King et al., 1993; Jackson et al., 1995; Klaver et al., 1981). In addition, the 

techniques for collecting the colostrum could affect the composition data. Atwood and 

Hartmann (1992) indicated that there was an increase in the concentration of fat and total 

solids of hind milk collected immediately after the completion of a suckling rather than 

before when collected at the beginning of the next natural let-down. The nutrient contents 

in sow’s colostrum obtained in this study and in others (Csapó et al., 1996; Klobasa et al., 

1987; Davis et al., 1994) showed variation in composition. However, the composition in 

colostrum in the present study represents typical colostrum considering all the variation.   
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Total tract digesta was used to determine the digestibility of nutrients in the 

present study. Ileal digesta obtained from a surgically fitted T-cannula at the terminal 

ileum can be used to determine the accurate nutrient digestibility by excluding potential 

effects of cecal and colonal fermentation. However, surgical cannulation of neonatal pigs 

would not be suitable considering the duration for the recovery. Resuming normal 

suckling behavior of 17-d-old pigs took at least 2 d after surgical cannulation 

(Mavromichalis et al., 2001). The colon in newborn pig is sterile at birth, and it was 

shown that gut microorganisms can start colonization in the large intestine within 12 h of 

birth (Sword et al., 1993). Walker et al., (1989) demonstrated that carbohydrate 

fermentation occurs in the gut of preterm human infants. However, Edward et al. (2002) 

demonstrated that short-chain fatty acid concentrations produced in meconium by breast-

fed human infants was very low at about 10% of adult level, indicating limited hind gut 

fermentation by infant. Using 1- to 3-d-old neonatal pigs, the digestibility values obtained 

in the present study could be affected by colonal fermentation, but this modification 

should be minimal considering the limited fermentation in the hind gut of these neonatal 

pigs at 1- to 3-d-old.  

Fetal pigs are well protected from external antigenic stimulation by the 

epitheliochorial placentation in the sow; therefore, newborn piglets are immunologically 

naive and have a sterile gut (Brambell, 1969). Thus, colostrum is important to newborn 

pigs by providing passive immune protection against microbial infection. Colostrum has 

been shown to have high total solid and protein contents but low lactose and fat contents 

compared with sow’s milk (Csapó et al., 1996). High protein content in colostrum results 

from the combination of IgG, A, and M (Hartmann et al., 1989). The newborn pig 
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depends on the ingestion and absorption of Ig through colostrum to gain passive 

immunity. IgG is the predominant Ig in colostum (Xu, 2003) and is absorbed 

preferentially to other protein macromolecules, and porcine colostrum is required for 

securing maximal macromolecule absorption during the first 24 h after birth (Jensen et 

al., 2001). Plasma IgG concentration was measured to be 3.44 ± 0.29 g/L in the present 

study. The IgG concentration for d 1 and 2 were not determined in this study; however, 

Frenyo et al. (1981) indicated that the highest IgG concentration of average serum in 

piglets (39.45 ± 1.46 g/L) was observed at 24 h after birth, and the IgG concentration 

decreased after 1-d-old. Two days after birth, IgG was 9.25 ± 1.65 g/L in the piglet’s 

serum (Gomez et al., 1998). Thus, the result of IgG concentration from the present study 

would be reasonable for 3-d-old piglets with advanced gut closure. Moreover, Inoue et al. 

(1980) presented a wide range of IgG concentration in sow’s colostrum from 11.74 to 

101.39 g/L, with amounts of IgG in colostrum varying among sows depending on factors 

such as breed, parity, and environment (Inoue et al., 1980). Increasing mucosal protein 

content in neonatal pigs was thought to be due to the absorption of colostral IgG (Klobasa 

et al., 1987). Feeding colostrum was found more effective than feeding mature milk in 

increasing the weight and protein content of both the small intestines and intestinal 

mucosa in 1-d-old piglets (Simmen et al., 1990).  

In conclusion, nutrients in colostrum were readily digestible to neonatal pigs. 

High digestibility of nutrients in colostrum by neonatal pigs from the present study 

implied the physiological and morphological importance of gastrointestinal tracts of 

neonatal pigs and the indispensable needs of IgG in colostrum in neonatal pigs for 



Texas Tech University, Carol Lin, 2007 

33 

postnatal survival. Measurement of nutrient digestibility in colostrum by neonatal pigs 

provided new information for understanding nutrient availability in neonatal pigs.  
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Table 3.1. The composition of sow’s colostrum1 

 
Item Average ± SEM  

 
DM, % 21.9 ± 0.1 

Crude fat2, % 4.8 ± 0.4 

Crude protein2, % 14.9 ± 0.01 

Crude ash2, % 0.2 ± 0.01 

Immunoglobulin G2, g/L 3.8 ± 0.7 

Amino acids3, mg/L  

 
Nutritionally essential amino acids  

Arginine 21.2 ± 0.9 

Histidine 11.7 ± 0.6 

Isoleucine 18.6 ± 1.3 

Leucine 44.6 ± 2.4 

Lysine 65.9 ± 2.6 

Methionine 10.5 ± 0.6 

Phenylalanine 20.3 ± 1.5 

Threonine 26.7 ± 1.6 

Tryptophan   6.6 ± 0.1 

Valine 32.5 ± 2.0 
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Table 3.1. Continued  
 

 
Item Average ± SEM  

Amino acids3, mg/L  

Nutritionally nonessential amino acids  

Alanine 20.3 ± 0.9 

Aspartate 38.1 ± 3.1 

Cysteine   7.3 ± 0.1 

Glutamate 78.0 ± 5.0 

Glycine 19.6 ± 0.9 

Proline 56.3 ± 0.9 

Serine 27.4 ± 1.2 

Tyrosine 18.5 ± 1.0 
             1n = 12. Colostrum was collected within 12 h postpartum. 

          2Calculated on an as-fed basis 

   3Analyzed on a DM basis 

 

 

 

 



Texas Tech University, Carol Lin, 2007 

39 

Table 3.2. Growth performance of neonatal pigs from d 1 to 3 of age1 

 

           1n = 12 

 

 
Body weight, g Average ± SEM 
 
d 1 1556.6 ± 67.7 
 
d 2 1691.2 ± 65.9 
 
d 3 1836.8 ± 64.8 
 
Average daily gain, g/d  
 
d 1-2 134.4 ± 10.6 
 
d 2-3 145.8 ± 8.1 
 
d 1-3 140.0 ± 7.6 
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Table 3.3. Plasma IgG and amino acid concentrations of neonatal pigs at d 3 of age1 

Item  Average ± SEM 

Immunoglobulin G, g/L 3.44 ± 0.29 

Amino acids, mmol/L  

 
Nutritionally essential amino acids  

Arginine 231.8 ± 24.0 

Histidine 117.7 ± 9.8 

Isoleucine 149.1 ± 11.1 

Leucine 331.2 ± 24.2 

Lysine 246.1 ± 24.5 

Methionine 73.8 ± 5.8 

Phenylalanine 118.0 ± 9.5 

Threonine 481.1 ± 33.6 

Tryptophan 43.4 ± 5.3 

Valine 681.6 ± 29.6 

Nutritionally nonessential amino acids  

β-alanine 10.4 ± 0.8 

Alanine 464.2 ± 39.7 

Asparagine 165.9 ± 13.4 

Aspartate 18.6 ± 6.1 
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Table 3.3. Continued  
 

Item  Average ± SEM 

Amino acids, mmol/L  

Nutritionally nonessential amino acids  

Citrulline 159.7 ± 9.2 

Cysteine 261.3 ± 19.0 

Glutamate 84.7 ± 25.4 

Glutamine 587.8 ± 34.4 

Glycine 738.5 ± 59.9 

Ornithine 164.5 ± 11.3 

Proline 607.5 ± 27.6 

Serine 243.1 ± 28.1 

Taurine 78.7 ± 8.2 

Tyrosine 258.9 ± 19.6 
                   1n = 12. 
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Table 3.4. Fecal amino acid concentrations of neonatal pigs from d 1 to 3 of age12 

Amino acids, mg/g  

Nutritionally essential amino acids  

Arginine 22.8 ± 1.4 

Histidine 9.3 ± 0.5 

Isoleucine 18.5 ± 0.7 

Leucine 37.7 ± 2.0 

Lysine 57.8 ± 3.3 

Methionine 9.5 ± 0.5 

Phenylalanine 21.7 ± 1.1 

Threonine 27.4 ± 2.1 

Tryptophan   5.8 ± 0.4 

Valine 28.8 ± 3.6 

Nutritionally nonessential amino acids  

Alanine 22.9 ± 1.3 

Aspartate + asparagine 37.1 ± 1.9 

Cysteine   6.7 ± 0.3 

Glutamate + glutamine 54.7 ± 2.8 

Glycine 24.0 ± 1.5 

Proline 40.7 ± 1.6 
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Table 3.4. Continued 
 

Amino acids, mg/g  

Nutritionally nonessential amino acids  

Serine 27.6± 2.3 

Tyrosine 20.6 ± 1.4 
            1Values are means ± SEM, n = 12. 

 2Analyzed on a DM basis  
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Table 3.5. Apparent total tract digestibility of nutrients in colostrum by neonatal pigs1 

Items, % 
 

Apparent bioavailability  
 
DM 

 
98.3 ± 0.2 

 
CP2 

 
96.9 ± 0.4 

 
Amino acids 

 

 
Nutritionally essential amino acids 

 

 
Arginine 

 
98.3 ± 0.3 

 
Histidine 

 
98.6 ± 0.2 

 
Isoleucine 

 
98.3 ± 0.3 

 
Leucine 

 
98.5 ± 0.3 

 
Lysine 

 
98.5 ± 0.3 

 
Methionine 

 
98.5 ± 0.2 

 
Phenylalanine 

 
98.1 ± 0.3 

 
Threonine 

 
98.2 ± 0.4 

 
Tryptophan 

 
98.3 ± 0.2 

 
Valine 

 
98.5 ± 0.4 

 
Nutritionally nonessential amino acids 

 

 
Alanine 

 
98.1 ± 0.4 

 
Aspartate + asparagine 

 
98.1 ± 0.3 

 
Cysteine 

 
98.4 ± 0.3 

 
Glutamate + glutamine   

 
98.8 ± 0.2 

 
Glycine 

 
97.9 ± 0.4 
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Table 3.5. Continued 
 

Items, % 
 

Apparent bioavailability  
 
Amino acids 

 

 
Nutritionally nonessential amino acids 

 

 
Proline 

 
98.7 ± 0.2 

 
Serine 

 
96.5 ± 0.6 

                 1Values are means ± standard errors, n = 12.  

           2Calculated on a DM basis 
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CHAPTER IV 

THE EFFECT OF DIETARY N-CARBAMOYLGLUTAMATE SUPPLEMENTATION 

ON THE GROWTH OF MILK-FED YOUNG PIGS 

 

Abstract 

This study was conducted to determine the effect of N-carbamoylglutamate 

(NCG) supplementation on the growth of artificially reared piglets. Twenty-seven seven 

days old piglets were weaned from sows and assigned randomly to 3 dietary treatments. 

Piglets were housed individually, and thus each piglet was the experimental unit. The 

positive control (CON) contained 66.8% whey protein concentrate without supplemental 

NCG and glutamic acid, providing 25% CP. The NCG-supplemented treatment (NCGS; 

56.8% whey protein concentrate, 0.08% NCG, and 3.83% glutamic acid) and the negative 

control (GLU; 56.8% whey protein concentrate, and 3.91% glutamic acid) contained 25% 

CP. Essential amino acid content in CON was 6.21% greater than that in NCGS and 

GLU. Fresh liquid milk replacer was provided daily to piglets. Body weights of piglets 

were recorded and jugular venous blood samples were collected at 7, 14, and 21 d of age. 

Food intake did not differ among the three dietary treatments (P = 0.777 and 0.966 for 7- 

to 14-d-age and 14- to 21-d-age, respectively). The growth of piglets did not differ (P = 

0.650, 0.372, and 0.675 for 7-, 14, and 21-d-age, respectively) among the treatments. The 

results showed that the growth performance of pigs fed a milk replacer with a 6.42% 

lesser amount of essential amino acid but with NCG and/or glutamic acid 

supplementation was similar to that of pigs fed the normal milk replacer. This may be 

either because essential amino acid intake was already over the requirements for the pigs 
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fed both CON and low essential amino acid milk replacer, or because NCG and glutamic 

acid supplementation improved the use of essential amino acids for the piglets fed a low 

essential amino acids milk replacer. Further investigation is needed to confirm this 

finding by increasing the sample size due to relatively large standard errors obtained from 

the present study and to have a “true” negative control.  

 

Introduction 

Arginine is a nutritionally essential amino acid for piglets and is crucial for the 

synthesis of nitric oxide (NO), proline, polyamines, glutamate, and creatine, which have 

enormous importance for piglets. Stimulation of endothelial NO synthesis by dietary L-

arginine supplementation would benefit vascular function and angiogenesis (Koholi et al., 

2004; Cianchiet al., 2004; and Fu et al., 2005).  Polyamines act as a mediator in the 

enterocyte development (Piva et al., 2002) and embryogenesis (Jänne et al., 2005). 

Glutamate has crucial roles in transamination, deamination, and the metabolism of 

dietary protein (Brosnan, 2000). However, by analyzing the amino acid pattern in the 

milk and estimating the arginine requirement of piglets for growth, arginine was found to 

be deficient in sow’s milk (Wu and Knabe, 1994; Wu and Knabe, 1995). Flynn and Wu 

(1996) indicated that endogenous synthesis of arginine played a crucial role in 

maintaining arginine homeostasis in sow-reared piglets. It was shown that dietary 

supplementation with 0.4% L-arginine increased the plasma concentration of arginine 

and the average daily weight gain in artificially reared piglets at 7- to 21-d-age (Kim et 

al., 2004). On the other hand, endogenous N-acetylglutamate (NAG) had been suggested 

having the important role on regulating intestinal synthesis of citrulline and arginine (Wu 
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et al., 2004). N-acetylglutamate is an activator of carbamoyl-phosphate synthetase I 

(CPS-I), which synthesizes carbamoyl-phosphate for the conversion of ornithine into 

citrulline in animals (Grisolia and Cohen, 1952; Marshall et al., 1958; Marshall et al., 

1961). Wu et al. (2004) reported lower mitochondrial NAG concentration in 7- to14-d-

old piglets’ enterocytes and a postnatal decline in enterocyte NAG synthase activity on 0-

, 7-, 14-, and 21-d-old pigs with reduced availability of NAG. However, deacylase 

existing in the cytosol of mammalian cells catabolizes NAG and limits the NAG 

concentration in the mitochondria (Meijer et al., 1985). The analogue of NAG, N-

carbamoylglutamate (NCG) has been found by Meijer et al. (1985) not to be catabolized 

by deacylase and was an activator of CPS-I in the urea cycle. In addition, NCG was 

found to be nontoxic and was used to treat NAG synthase deficiency in human infants. 

The objective of the present study was to determine the effect of dietary NCG supplement 

in the 7-to artificially reared 21-d-old piglets on a liquid milk feeding system.  

 

Material and Methods 

Chemicals  

HPLC-grade water and methanol were obtained from Fisher Scientific. Chemicals 

used in this study for analysis of amino acids and plasma urea as well as NCG were 

purchased from Sigma Chemical (St. Louis, MO).  

Milk Replacer Diets 

Most of the ingredients used in the milk replacer powder including whey protein 

concentration, dry whey, and lactose were purchased from International Ingredients Corp. 

(St Louis, MO). Glutamic acid in the milk replacer was purchased from Ajinomoto 
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Amino Science LLC (Tokyo, Japan). Three milk replacer diets were made and fed to 

piglets: 1) positive control (CON) = pigs fed a milk replacer containing 66.8% whey 

protein as a major protein source without NCG and glutamic acid; 2) Negative control 

(GLU) = pigs fed a milk replacer containing 56.8% whey protein and 3.91% glutamic 

acid as major protein sources without NCG; and 3) NCG supplementation (NCGS) = pigs 

fed a milk replacer containing 56.8% whey protein and 3.83% glutamic acid as major 

protein sources with 0.08% NCG supplementation. Additional glutamic acid was added 

into NCGS and GLU diets to match up the nitrogen content among the dietary treatments. 

The dietary composition and amino acid concentrations in the diets are shown in Tables 

4.1 and 4.2, respectively. Liquid diet was prepared by mixing milk replacer and water in 

a 1:1 ratio. Expressed on the basis of DM, the amino acid composition of the three dietary 

milk replacers was similar to the whole sow’s milk obtained at d 7, 14, and 21 of 

lactation from a previous study (Kim et al., 2004; Table 2).  

Animals 

All experimental procedures using animals were approved by the Texas Tech 

University Institutional Animal Use and Care Committee. The piglets used this study 

were the offspring of PIC Cambrough-22 sows and PIC boars from the Texas Tech 

University Swine Research Center. Pregnant sows were daily fed 2 kg of a corn-soybean 

meal (as-fed basis) based on the NRC requirements and had free access to water (NRC, 

1998). Lactating sows were daily fed ad libitum of a corn-soybean meal based on the 

NRC requirements and had free access to water (NRC, 1998). Dietary contents of ME, 

protein, lysine, Ca, and available P for lactation and gestation were as described in a 

previous study (Kim et al., 2004). 
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This experiment involved 3 groups. In each group,  seven days old piglets (n = 9) 

were removed from 4 sows and were kept in an environmentally controlled animal 

holding room in the Department of Animal and Food Sciences at Texas Tech University. 

Piglets were assigned randomly to the individual crates on the bases of BW and litter. 

The animal holding room temperature was maintained at 24°C, and heating lamps in each 

crate maintained the surrounding temperature at 35°C. The size of each pen is 45.7 cm x 

91.4 cm which is greater than the minimum space allowed for pigs aged 7 to 21 d as 

recommended by FASS (1999). Each pen consists of solid metal walls with a slat plastic 

floor on a raised deck (30.5 cm).  

The piglets had free access to water. The milk intake of fresh liquid milk replacer 

was provided daily to piglets based on their BW. The dose of NCG supplementation was 

chosen on the basis of data from G. Wu (unpublished, Texas A&M University, College 

Station, TX). The volume of the remaining milk was measured and milk feeders were 

cleaned with water before adding fresh liquid milk replacer. At d 7, 14, and 21 of age, 

piglets were weighed. The size of weighing plastic basket is 72.4 cm x 44.5 cm x 43.2 

cm. The plastic weighing basket was tared on the weighing scale (Mattler PM30, 

Highstown, NJ) before piglets were placed gently in the basket. The weights of piglets 

were recorded while piglets were calm. Jugular venous blood samples were collected 

before feeding and 2 h after feeding at d 7, 14, and 21 of age.  

Chemical Analyses  

The amino acid composition of the plasma was analyzed by HPLC methods 

involving pre-column derivatization with o-phthaldiadehyde described by Wu et al. 

(1997). Cysteine in the plasma was determined with fluorescence detection by o-
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phthaldiadehyde derivation and separated by HPLC (Cooper and Turnell, 1982). Proline 

was determined as previously described by Wu (1993). Urea in plasma was analyzed by a 

colorimetric method involving reaction with phenol and hypochlorite, as previously 

described (Wu and Knabe, 1994). Hematology was analyzed by an Automated 

Hematology Analyzer (Abbott Labs, Santa Clara, CA). 

Statistical Analyses 

Data were analyzed statistically by using the PROC GLM of SAS (SAS Inst., 

Inc., Cary, NC). Each piglet was considered as the experimental unit. Differences 

between means were determined. Probability values ≤ 0.05 were taken to indicate 

significant differences. 

 

Results 

Milk Intake and Growth Performance 

Average daily food intake did not differ (P = 0.777 and P = 0.966 for wk 1 and 

wk 2, respectively) among 3 dietary treatments in the study (Table 4.3). The BW at d 7, 

14, and 21 of age did not differ (P = 0.650, P = 0.372, and P = 0.675, respectively) 

among the 3 dietary treatments. Between d 7 and 14 of age, ADG of NCGS piglets did 

not differ (P = 0.409 and P = 0.453, respectively) from CON and GLU (Table 4.3).   

Plasma Amino Acids  

The plasma concentration of amino acids was shown in Table 4.4. Plasma 

concentrations of arginine, ornithine, and proline did not differ (P > 0.05) among the 

three dietary treatments at d 14 of age. Citrulline concentration in the plasma was higher 

(P < 0.05) in 21-d-old NCGS piglets compared with GLU piglets. Plasma concentration 
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of essential amino acids, isoleucine, leucine, and valine were higher (P < 0.05) in 14-d-

old CON and NCGS piglets than piglets in other GLU dietary treatment. At d 21 of age, 

plasma concentration of essential amino acids, lysine, methionine, and threonine were 

higher (P < 0.05) in CON and NCGS piglets than piglets in GLU dietary treatment.  

Plasma Urea 

The plasma concentration of urea is shown in Table 4.5. Plasma concentration of 

urea at d 7, 14, and 21 of age did not differ (P = 0.954, P = 0.121 and P = 0.305, 

respectively) among 3 dietary treatments.  

Hematological Evaluation 

Table 4.6 shows the effect of NCG supplementation on hematological 

measurements on 7-, 14- and 21-d-old piglets. The amounts of white blood cells at d 7, 

14, and 21 of age did not differ (P = 0.255, P = 0.821 and P = 0.292, respectively) among 

3 dietary treatments. The amounts of lymphocytes also did not at d 7, 14, and 21 of age 

differ (P = 0.495, P = 0.322 and P = 0.083, respectively) among 3 dietary treatments.   

Immunoglobulin G Concentration in Plasma 

Table 4.7 shows the effect of NCG supplementation on Ig G concentration in 7-, 

14-, and 21-d-old piglets. No difference in the concentration of IgG was found (P = 

0.597, P = 0. 670, and P = 0. 467, respectively) between the 3 dietary treatments at d 7, 

14, and 21.   

 

Discussion 

Arginine takes part in multiple metabolic pathways; thus, the amount of arginine 

required by the young mammal, including neonatal pigs, is high (Southern and Baker, 
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1983). Paradoxically, arginine was found to be deficient in sow’s milk (Wu and Knabe, 

1995). In addition, arginine content intake from milk by 2- and 7-d-old piglets had been 

estimated to provide at most 49 and 31% of the total daily arginine requirement, 

respectively. Thus, endogenous synthesis of arginine plays a crucial role in maintaining 

arginine homeostasis in sow-reared piglets (Flynn and Wu, 1996). However, the synthesis 

of arginine and citrulline progressively decreased at 7-d-old compared with 2-d-old (Wu 

et al., 1994). By feeding 0.4% supplemented dietary arginine in the milk replacer to the 

neonatal pigs in a previous study, the neonatal pig’s growth performance after weaning 

was increased (Kim et al., 2004).   

Proline is considered a major substrate for arginine synthesis in the enterocytes of 

postnatal pigs (Wu, 1997). The synthesis of arginine from proline was more dependent on 

small intestine metabolism in neonatal pigs (Bertolo et al., 2003). Moreover, glutamine 

and glutamate are also the substrates needed for the intestinal arginine and citrulline 

synthesis (Wu et al., 1994). However, in the pathway of intestinal arginine synthesis of 

neonatal pigs, pyrroline-5-carboxylate (P5C) and carbamoyl-phosphate are limited 

because of low activity of P5C synthase and CPS-I in the neonatal pigs (Wu et al., 1994). 

Grisolia and Cohen (1952) identified the catalytic role of carbamoylglutamate in the 

overall reaction of citrulline biosynthesis by enzymatically forming a derivative of 

carbamoylglutamate, carbamoyl phosphate, and catalyzing carbamoyl phosphate and 

ornithine for the formation of citrulline. N-carbamylglutamate (NCG) is an analogue of 

bio-chemically unstable N-acetylglutamate (NAG) and can be considered a catabolite in 

the urea cycle (Meijer et al., 1985).  
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In the present study, the CON treatment was designed to provide relatively higher 

amount of essential amino acids than other two dietary treatments (Table 4.2). Moreover, 

by designing the same amount of CP for all dietary treatments (Table 4.1), the effect of 

dietary supplementation of NCG could be demonstrated. In the present study, the BW 

and ADG did not differ among the 3 dietary treatments. This result suggests that adding 

NCG and glutamate supplementations in the diets may elevate the essential amino acid in 

the piglets’ bodies thereby providing adequate essential amino acids for growing.  

The results showed that the concentrations of essential amino acids of pigs fed a 

milk replacer with a 6.42% lesser amount of essential amino acid but with NCG 

supplementation was similar to that of pigs fed the normal milk replacer. The 

concentration of arginine in NCGS piglets exerted its effect on activating the activities of 

enzymes and stimulating the synthesis, thereby giving similar growth performance with 

CON piglets. The plasma concentration of citrulline, the intermediary for arginine 

synthesis, was greater at 21-d-old in NCGS piglets than in piglets in GLU 

supplementation in the present study. The result further demonstrated that NCG binding 

with CPS-I protected it against inactivation (Fahien et al., 1964) for synthesis of 

carbamoyl-phosphate, which was necessary for conversion from ornithine to citrulline.  

Moreover, arginine could detoxify ammonia to urea via the hepatic urea cycle 

(Meijer et al., 1990). Feeding an arginine-free diet to 7- to 14-d-old piglets was found to 

result in hypoargininemia and hyperammonaemia, which shows the inability of neonatal 

pigs to make sufficient arginine (Brunton et al., 1999). Furthermore, in human clinical 

treatment, oral carbamoylglutamate administration to hyperammonaemia patients has 

shown an impressive increase in ammonia detoxification compared with peritoneal 



Texas Tech University, Carol Lin, 2007 

55 

dialysis, and patients were able to avoid hyperammonaemia (Gebhardt et al., 2003). 

However, from the results of present study, plasma concentration of urea at d 7, 14, and 

21 of age did not differ among 3 dietary treatments.  

On the other hand, glutamine was utilized by the enterocytes of the small intestine 

(Wu et a., 1994). Glutamine could contribute more energy as ATP to enterocytes and for 

gastrointestinal development (Wu et al., 1995). Wu et al. (1995) noted that glutamine 

synthesized citrulline and arginine in enterocytes from 0~7-d-old and suggested the 

endogenous synthesis of arginine is important for an animal’s optimal growth, and the 

period during which newborn pigs grow rapidly required high levels of arginine (Roger et 

al., 1970). Glutamate, another precursor involved in the synthesis of arginine, serves as 

the main medium in amino-N exchange and is readily converted into other non-essential 

amino acids. It plays an important role in protein metabolism (Heger, 2003). Glutamate 

with acetyl-CoA is used to synthesize NAG within the liver and small intestine and can 

up-regulate arginine in the urea cycle (Wu and Knabe, 1995; Meijer et al., 1990). 

Therefore, additional dietary glutamate supplementation for growth performance in the 

present study might result from the intestinal development of the neonatal pigs. In 

addition, the lysine requirement from NRC (1998) for 3 to 5 kg piglets is 3.8 g/d. After 

14 d of age, the intake of the limiting amino acid, lysine, was greater than the lysine 

requirement by the piglets in all dietary treatments (5.2 and 4.2 g/d for 14- and 21-d-old, 

respectively). The growth performance of piglets fed with NCGS and GLU was similar to 

those fed with CON, which might result from the over intake of essential amino acid by 

piglets.       
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In addition, glutamine can function as an immune modulator. Glutamine also 

might become available for the functioning of monocytes and macrophages, 

lymphocytes, and neutrophils (Alverdy, 1990). A high concentration of glutamine in the 

plasma could help piglets maintain lymphocyte tissues and be used for the synthesis of 

immunoglobulin (Ig). However, the concentration of IgG did not differ among the 3 

dietary treatments. 

The results from the present study might be different from many studies in the 

literature in that the previous studies were done in vitro, in which all the external and 

internal variables are perfectly controlled (Blachier et al., 1993; Beliveau Carey et al., 

1993; Wu et al., 1994; Wu and Knabe, 1995; Wu et al., 1995; Wu, 1997). The 

unpublished preliminary finding from G. Wu at Texas A&M University showed that 

giving an oral administration of NCG to sow-reared piglets resulted in an increased 

plasma concentration of arginine and a higher degree of growth performance in piglets. 

However, the diet formulation was not indicated. In addition, the ADG by piglets from 

the present study was less than the previous values reported by other investigators for 

artificially reared piglets (Kim et al., 2001; Oliver et al., 2002; Kim et al., 2004). The 

experimental conditions differed greatly between the present study and those of others. 

For instance, in the present study, the neonatal pigs were fed based on the BW gain 

instead of accessing milk diet freely as in the study of Kim et al. (2004). The initial age 

and initial average BW of piglets used in the study of Kim et al. (2001) were greater than 

those used in the present study. Chemical analysis of the whey protein concentration and 

dried whey used in the dietary treatments gave higher CP than was expected. Even 

though the values of CP of 3 dietary treatments using chemical analysis were found 
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greater than the calculated values, Oliver et al. (2002) used a higher dietary CP content 

than those in the present study. 

Another concern was the possible influence of stress on the regulation of urea 

cycle in the present study; however, the stress effect was not detected. Nevertheless, the 

stress might caused by human contact from multi-personnel to the piglets. Cortisol is a 

corticosteroid hormone produced by the adrenal cortex that is involved in the response to 

stress (Guyton and Hall, 2000). Cortisol administration increases intestinal activities of 

digestive enzyme in prenatal pigs (Sangild et al., 1995) and of arginase in suckling and 

postweaning rats (Herzfeld and Raper, 1979). Cortisol is the major circulating 

glucocorticoid in pigs (Worsae and Schmidt, 1980). Glucocorticoids are regulators of 

hepatic urea cycle enzymes, such as arginase (Morris, 1992) and enhance intestinal 

degradation of arginine and glutamine during weaning (Flynn and Wu, 1997). The results 

from the study by Flynn et al. (1999) suggested that glucocorticoids play a major role in 

the induction of type II arginase and argininosuccinate lyase mRNA in the small intestine 

of weaning pigs. High concentration of urea found in the NCG supplementation 

treatments in the present study also might be the result of the induction of arginase 

caused by the stress in the enterocytes. Glucocorticoids are also known for 

immunosupressive effects and changes in the distribution of leucocytes observed during 

stress (Serrano et al., 1993; Shijo et al., 1998). 

In conclusion, adding NCG to the diets may be more efficient than glutamate 

supplementation for elevating plasma concentration of citrulline for arginine synthesis 

than adding glutamate supplementation. Moreover, dietary NCG supplementation may 

elevate essential amino acids to an adequate level for piglet growth. However, essential 
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amino acid intake by the piglets in all dietary treatments in the present study was greater 

than the requirement for the piglets and might not show the true efficacy of NCG 

supplementation for enhancing growth performance. This aspect of the data from the 

present study might not give noteworthy results; however, decreasing the protein content 

in the milk diet by adding dietary NCG and/or glutamic acid supplementation probably 

would be another an alternative method considering environmental and economical 

factors for neonatal piglet growth. On the other hand, glutamate is one of precursors of 

citrulline and arginine synthesis in the enterocyte (Wu et al., 1994). For this reason, using 

glutamate supplementation as a negative dietary treatment is not recommended. The 

present study prompts a need for further investigation on increasing sample size due to 

large standard errors and to have a “true” negative control.   
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Table 4.1. Experimental diet 

  
 CON1 NCGS2 GLU3 
 
Ingredient, %    
 
Whey protein concentration 66.80 56.80 56.80 
 
Dried whey 22.67 22.67 22.67 
 
Lactose 0.00 5.02 5.02 
 
Glutamic acid 0.00 3.83 3.91 
 
Starch 0.00 0.44 0.44 
 
N-Carbamoylglutamate 0.00 0.08 0.00 
 
Vitamin 0.63 0.63 0.63 
 
Dicalcium phosphate 0.10 0.64 0.64 
 
Limestone 0.80 0.80 0.80 
 
Fat, animal 9.00 9.10 9.10 
 
Total 100.00 100.01 100.01 
 
Calculated composition, %    
 
DM 95.11 95.18 95.19 
 
Crude protein 25.32 25.32 25.32 

    1Containing 66.8% whey protein concentration (WPC) milk replacer 

    2Containing 56.8% WPC with additional 3.83% glutamic acid and 0.08% NCG  

    supplementation milk replacer 

    3Containing 56.8% WPC with additional 3.91% glutamic acid milk replacer 
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Table 4.2. Analyzed nutrient composition in the experimental diet 

 
 CON1 NCGS2 GLU3 
 
Chemical composition, %    
 
DM 94.97 ± 0.03 95.31 ± 0.20 95.16 ± 0.04 
 
Crude protein4 26.93 ± 0.28 25.62 ± 0.27 25.75 ± 0.23 
 
Crude fat4 23.89 ± 0.67 23.90 ± 0.56 23.63 ± 0.62 
 
Crude ash4 10.25 ± 0.45 9.42 ± 0.10 9.52 ± 0.17 
 
Amino acids, mg/g DM    
 
Nutritionally essential amino acids    
 
Arginine   7.08   6.47   6.81 
 
Histidine   4.11   3.71   3.84 
 
Isoleucine 14.21 13.00 12.90 
 
Leucine 16.67 15.30 15.70 
 
Lysine 12.00 10.68 11.58 
 
Methionine   3.64   3.50   3.51 
 
Phenylalanine   6.52   6.11   6.22 
 
Threonine 12.26 11.75 11.08 
 
Tryptophan   2.90   2.85   2.81 
 
Valine 14.01 12.82 12.62 
 
Subtotal 117.90 110.19 110.97 
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Table 4.2. Continued  
 

 
 CON1 NCGS2 GLU3 
 
Amino acids, mg/g DM    
 
Nutritionally nonessential amino acids     
 
Alanine   9.79   9.05   9.20 
 
Aspartate   17.70 16.37 14.91 
 
Cystein   2.93   2.82   2.84 
 
Glutamate 34.56 64.93 61.47 
 
Glycine   5.56   5.19   5.52 
 
Proline   24.50 24.00 23.90 
 
Serine   5.54   6.48   5.59 
 
Tyrosine   0.86   1.10   0.88 
 
Subtotal 79.95 105.95 100.41 
 
Total amino acid 197.85 216.14 211.38 

1Containing 66.8% whey protein concentration (WPC) milk replacer 

2Containing 56.8% WPC with additional 3.83% glutamic acid and 0.08% NCG  

  milk replacer 

3Containing 56.8% WPC with additional 3.91% glutamic acid milk replacer 

4Calculated as dry matter basis 
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Table 4.3. Effect of dietary N-carbamoylglutamate on feeding intake and growth of 

piglets reared on a liquid milk feeding system1 

  
 CON2 NCGS3 GLU4 SEM5 
 
Average daily feed intake, g dry matter/d   
 
d 7-14 266.4 304.3 285.0 37.5 
 
d 14-21 459.4 474.3 446.1 75.3 
 
d 7-21 362.9 389.3 365.6 55.6 
 
Body weight, g    
 
d 7 3033.3 3153.3 3037.8 102.7 
 
d 14 3976.7 4410.0 3992.2 242.0 
 
d 21 5466.7 5666.7 5186.7 381.2 
 
Average daily gain, g/d   
 
d 7-14 134.8 179.5 136.4 26.3 
 
d 14-21 212.9 179.5 170.6 24.5 
 
d 7-21 173.8 179.5 153.5 23.0 

          1Data are means with pooled SEM, n = 27 

           2Containing 66.8% whey protein concentration (WPC) milk replacer 

           3Containing 56.8% WPC with additional 3.83% glutamic acid and 0.08% NCG  

          supplementation milk replacer 

            4Containing 56.8% WPC with additional 3.91% glutamic acid milk replacer 

            5Standard error for each time period 
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Table 4.4. Effect of dietary N-carbamoylglutamate in plasma concentration (µmol/L) of amino acids in 7-, 14-, and 21-d-old 

piglets1 

 
 d 7 

 
d 14 d 21 

 
 CON2 NCGS3 GLU4 SEM5 CON2 NCGS3 GLU4 SEM5 CON2 NCGS3 GLU4 SEM5 
 
Nutritionally essential amino acids  

   
    

 

 
        Arginine 176.4a 189.7a 85.2b 14.6 

 
93.8 

 
112.0 

 
61.8 14.0 115.8 123.7 83.4 

 
16.9 

 
        Histidine 79.8a 64.1b 36.6c 4.3 

 
56.2a 

 
34.3b 

 
18.3c 4.4 66.2a 34.2b 23.9b 

 
7.7 

 
        Isoleucine 148.2a 103.3b 61.9c 10.0 

 
495.8a 

 
378.8ab 

 
246.3b 43.1 557.6 290.2 267.3 

 
90.0 

 
        Leucine 126.1a 125.8a 65.2b 9.5 

 
199.3a 

 
201.3a 

 
122.4b 18.8 250.8 224.1 148.6 

 
23.5 

  
        Lysine 178.2a 129.3ab 79.5b 17.0 

 
348.0 

 
415.9 

 
209.6 51.7 442.8a 429.8a 233.7b 

 
35.3 

 
        Methionine 81.7a 76.6a 44.1b 8.7 

 
92.8 

 
110.4 

 
55.2 16.0 130.7a 92.8ab 60.4b 

 
11.7 

 
        Phenylalanine 86.9a 60.1b 37.4c 6.0 

 
39.6 

 
28.3 

 
12.5 6.6 78.8 39.8 29.0 

 
14.0 

 
        Threonine 250.3a 209.0ab 142.0b 20.0 

 
1526.2 

 
1594.0 

 
942.9 222.7 2146.1a 1732.6a 1166.5b 

 
211.2 

 
        Tryptophan 66.5a 61.5a 26.3b 5.7 

 
65.4 

 
55.8 

 
31.8 9.2 81.8 62.5 37.4 

 
10.0 

 
        Valine 316.4a 218.9b  133.4c 16.4 

 
746.2a 

 
561.0a 

 
348.1b 57.3 837.0a 528.5b 385.5b 

 
75.4 
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Table 4.4. Continued 
 

 
 d 7 

 
d 14 d 21 

 
 CON2 NCGS3 GLU4 SEM5 CON2 NCGS3 GLU4 SEM5 CON2 NCGS3 GLU4 SEM5 
 
Nutritionally nonessential amino acids  

   
    

 

 
β-alanine 24.4 25.9 13.0 4.4 

 
18.4 

 
22.9 

 
16.2 2.8 30.0a 30.0a 20.3b 

 
2.4 

 
Alanine 605.0a 491.4ab 238.8b 81.3 

 
723.9ab 

 
851.6a 

 
517.7b 67.8 850.1a 839.7a 488.7b 

 
60.8 

 
Asparagine 129.8a 73.7b 49.0b 15.9 

 
216.2 

 
217.2 

 
164.1 31.1 283.5 209.4 165.3 

 
28.9 

 
Asparate 37.01a 26.4b 23.6b 2.9 

 
48.7a 

 
34.0b 

 
28.2b 2.4 49.2 35.0 34.7 

 
6.4 

 
Citrulline 96.3 97.1 50.6 13.9 

 
125.8 

 
151.7 

 
81.6 20.7 137.0ab 163.9a 117.0b 

 
8.2 

 
Cysteine 159.0 150.0 155.0 8.9 

 
145.7 

 
162.0 

 
161.7 7.1 159.7 160.3 149.7 

 
10.9 

 
Glutamate 166.7 102.1 81.9 23.7 

 
226.9 

 
180.1 

 
162.9 23.9 138.5 129.6 128.1 

 
28.4 

 
Glutamine 380.4 378.8 199.9 52.0 

 
790.0a 

 
848.9a 

 
460.2b 66.1 597.0a 615.6a 413.1b 

 
43.2 

 
Glycine 626.6a 564.2a 310.4b 44.4 

 
876.6 

 
1028.0 

 
803.2 82.8 1013.0a 1017.3a  648.7b 

 
70.7 

 
Ornithine 109.1a 95.5a 53.5b 6.0 

 
125.6 

 
148.4 

 
93.8 14.3 146.8a 165.0a 102.4b 

 
12.5 

 
Proline 531.7 572.3 565.7 34.6 

 
529.7 

 
551.7 

 
528.3 32.1 603.0 590.7 558.3 

 
47.5 

 
Serine 306.6a 191.1b 106.9c 17.6 

 
467.0 

 
385.5 

 
247.1 51.6 559.3a 356.8b 246.5b 

 
49.9 
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Table 4.4. Continued  
  

 
 d 7 

 
d 14 d 21 

 
 CON2 NCGS3 GLU4 SEM5 CON2 NCGS3 GLU4 SEM5 CON2 NCGS3 GLU4 SEM5 
 
Nutritionally nonessential amino acids   

   
    

 

 
Taurine 

 
142.0a 

 
126.4a 

 
74.4b 

 
14.3 

 
114.1 

 
137.4 

 
76.2 

 
18.6 

 
94.4 

 
83.3 

 
70.0 

 
18.2 

 
Tyrosine 218.0a 193.7a 101.3b 13.4 

 
55.6 

 
43.8 

 
24.5 11.0 85.8 54.9 34.3 

 
12.9 

1Data are means with pooled SEM, n = 9 

 2Containing 66.8% whey protein concentration (WPC) milk replacer 

 3Containing 56.8% WPC with additional 3.83% glutamic acid and 0.08% NCG             

   supplementation milk replacer 

  4Containing 56.8% WPC with additional 3.91% glutamic acid milk replacer 

  5Standard error for each time period 

  abcMeans within a row with different superscripts differ (P<0.05) 
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Table 4.5. Effect of dietary N-carbamoylglutamate in plasma concentration of urea (µmol/L) in 7-, 14-, and 21-d-old piglets1 

 
 d 7 

 
d 14 d 21 

  
 

CON3 NCGS4 GLU5 SEM6 CON3 NCGS4 GLU5 SEM6 CON3 NCGS4 GLU5 SEM6 
 
Urea2 11.0 9.7 11.0 3.2 

 
22.2 

 
26.3 

 
20.5 

 
1.7 17.5 20.1 16.7 1.5 

     1Data are means with pooled SEM 

     2n = 9 

     3Containing 66.8% whey protein concentration (WPC) milk replacer 

     4Containing 56.8% WPC with additional 3.83% glutamic acid and 0.08% NCG supplementation      

     milk replacer 

     5Containing 56.8% WPC with additional 3.91% glutamic acid milk replacer 

     6Standard error for each time period 
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Table 4.6. Effect of dietary N-carbamoylglutamate in hematology in 7-, 14-, and 21-d-old piglets1 

 
 d 7 

 
d 14 d 21 

  
  CON2 NCGS3 GLU3 SEM4 CON2 NCGS3 GLU4 SEM5 CON2 NCGS3 GLU4 SEM5 
 
White blood cell, 103/µL 10.2 11.8 16.0 2.3 

 
10.7 

 
11.5 

 
12.1 

 
1.6 16.2 10.9 11.8 2.3 

 
Red blood cell, 106/µL 4.0 4.6 5.1 0.4 

 
5.0 

 
5.4 

 
6.0 

 
0.4 6.0 6.1 6.9 0.3 

 
Hemoglobin, g/dL 9.3 8.6 10.7 1.4 

 
10.4 

 
10.9 

 
11.4 

 
0.8 11.8 11.9 12.3 0.7 

 
Neutrophil, 103/µL 4.9 4.2 8.0 1.8 

 
3.9 

 
1.5 

 
3.1 

 
1.4 5.6 3.5 4.9 1.9 

 
Lymphocyte, 103/µL 4.5 6.7 6.6 1.4 

 
6.0 

 
8.3 

 
8.4 

 
1.1 9.8 6.8 6.0 1.0 

 
Monocyte, 103/µL 0.5 0.7 1.0 0.2 

 
0.6 

 
0.7 

 
0.4 

 
0.1 0.5 0.4 0.5 0.2 

 
Eosinophil, 103/µL 0.06 0.05 0.1 0.02 

 
0.1 

 
0.03 

 
0.1 

 
0.03 0.2 0.1 0.1 0.05 

 
Basophil, 103/µL 0.1 0.2 0.3 0.1 

 
0.1 

 
1.0 

 
0.1 

 
0.3 0.1 0.03 0.2 0.1 

1Data are means with pooled SEM, n = 9 

2Containing 66.8% whey protein concentration (WPC) milk replacer 

3Containing 56.8% WPC with additional 3.83% glutamic acid and 0.08% NCG supplementation   

  milk replacer 

4Containing 56.8% WPC with additional 3.91% glutamic acid milk replacer 

5Standard error for each time period 
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Table 4.7. Effect of dietary N-carbamoylglutamate in IgG (g/L) in 7-, 14-, and 21-d-old piglets12 

 
 d 7 d 14 

 
d 21 

 
  CON3 NCGS4 GLU5 SEM6 CON3 NCGS4 GLU5 SEM6 CON3 NCGS4 GLU5 SEM6 
 
IgG  5.1 7.9 6.3 1.9 11.8 

 
14.9 

 
27.2 

 
12.4 

 
9.7 22.0 8.1 8.6 

                1Data are means with pooled SEM, n = 9 

                2There was no significant interaction (P > 0.05) between treatment and age 

                3Containing 66.8% whey protein concentration (WPC) milk replacer 

                 4Containing 56.8% WPC with additional 3.83% glutamic acid and 0.08% NCG     

 supplementation milk replacer 

                 5Containing 56.8% WPC with additional 3.91% glutamic acid milk replacer 

                 6Standard error for each time period
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CHAPTER V 

OVERALL SUMMARY AND CONCLUSION 

 

Amino acid supplementation has a significant effect on the growth performance 

and health of neonatal pigs. Sow’s milk is thought to be insufficient in certain amino 

acids, such as arginine, for piglet maximal growth. Thus, by adding amino acids or 

catalysts in the diet, the protein content in the diet can be decreased without affecting 

growth performance of pigs, thereby decreasing production cost. Currently, neonatal 

digestibility of nutrients in colostrum has not yet been fully quantified. Further, finding 

novel and efficient ways to improve growth performance and health of neonatal pigs is 

always appealing and requires validation. Thus, two studies were conducted to: 1) 

determine the digestibility of nutrients in colostrum by neonatal pigs, and 2) determine 

the effect of NCG supplementation on artificially reared piglets.  

Because of limited hind gut fermentation and the impracticality of surgical 

cannulation of neonatal pigs, total tract digesta samples were used to determine 

digestibility of nutrients. The first study demonstrated that nutrients in colostrum are 

highly digestible to neonatal pigs. The total tract of digestibility of protein and DM in 

colostrum averaged 96.9 ± 0.4% and 98.3 ± 0.2%, respectively. The digestibility of total 

amino acids (protein-bound plus free amino acids) in the colostrum was 98.3 ± 0.1%, 

with the values being 98.5 ± 0.3, 98.2 ± 0.4, and 98.3 ± 0.3%, respectively, for lysine, 

threonine, and arginine, respectively. Measuring digestibility of nutrients in colostrum to 

neonatal pigs provides new information for future investigation on neonatal pigs.   
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The second study investigated the effect of N-carbamoylglutamate 

supplementation on the growth performance of artificial-reared piglets. Feed intake and 

growth did not differ among the 3 dietary treatments (P = 0.777 and P = 0.966 for wk 1 

and wk 2, respectively). The results suggest two possibilities: 1) either NCG 

supplementation elevated the essential amino acids and non-essential amino acids for 

arginine synthesis in the piglet’s body for growth performance; or 2) lysine intake was 

already over the requirement for the piglets in the present study. The function and 

regulation of the urea cycle has been studied for more than a decade, but new information 

on the constituents of this particular pathway continues to emerge, especially their 

regulation and metabolic roles in the neonate. With its many proposed metabolic roles, 

arginine as well as its catalysts would seem to have major potential in animal production 

systems. However, responses to NCG supplementation in the present study did not 

showed significant enhancement on growth performance of neonatal pigs. Thus, further 

experimentation with a large number of animals and having “true” negative control may 

be needed.    
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