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ABSTRACT 

 

NON PROTEIN NITROGEN IS USED EFFICIENTLY FOR 

IMPROVING PROTEIN DEPOSITION AND FEED EFFICIENCY IN 

GROWING PIGS  

 

Wilfredo D. Mansilla Advisor:  
University of Guelph, 2013 Dr. Cornelis F. M. de Lange 
 

Nitrogen (N) absorbed by the lower gut (caecum and large intestine), primarily in the form of 

ammonia, is generally considered to be of little nutritional value for growing pigs.  The main 

objective of research presented in this thesis was to explore the effects of providing non-

protein N (NPN) on N retention, urea kinetics, activity of key liver enzymes, and growth 

performance of pigs fed diets deficient in non-essential amino acid N (NEAA-N).  Urea-N 

infused into the lower gut increased N retention, with an estimated efficiency of 96%.  Whole 

body urea flux and urea recycling into the gastro- intestinal tract were not affected by urea 

infusion into the lower gut.  When feeding growing pigs NEAA-N deficient diets, feed 

efficiency increased linearly with level of dietary supplementation with ammonium salts.  

These data support that NPN can be efficiently used for improving N retentio n and feed 

efficiency in pigs fed diets deficient in NEAA-N.  
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1. GENERAL INTRODUCTION  

A bioavailable dietary nutrient is defined as a nutrient that is absorbed in a chemical form 

that renders it available for metabolism (Batterham, 1992).  As a consequence, determination of 

the bioavailable nutrient content in feed is important for meeting dietary nutrient requirements 

while minimizing wastage of nutrients.   

Absorption of nutrients, specifically amino acids (AA), takes place mainly in the upper 

gut of pigs, i.e. prior to the distal ileum, and measures of ileal digestibility are used routinely for 

estimation of AA bioavailability (Stein et al., 2007).  Not all AA in the diet are absorbed by the 

upper gut and a significant proportion of them can reach the lower gut (Krawielitzki et al., 1990).  

Nitrogenous compounds that reach the lower gut are considered to be of little value to the host 

for protein synthesis, largely because these compounds are fermented by the resident microflora 

before potential absorption (Fuller and Reeds, 1998).  Ammonia, a main product of this 

microbial fermentation, is readily absorbed by the mucosa in the lower gut (Karasawa and 

Nakata, 1986).  Absorbed ammonia can be used for urea synthesis, which is an important 

pathway for N excretion (Zebrowska, 1973).  Not all synthetized urea is excreted in urine; a 

proportion can be recycled into the small intestine, hydrolyzed by the microflora and 

incorporated in microbially-produced AA that can be of benefit to the host.  The efficiency of 

this pathway has been reported to be 15 to 20 % of the nitrogen (N) absorbed in the lower gut, 

and appears highest when valine is the first limiting AA in the pigs’ diets (Libao-Mercado, 2007; 

Columbus et al., 2012).  In the liver, ammonia can also be used for endogenous synthesis of non-

essential AA (NEAA, Bender, 2012).     
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Requirements for essential amino acids (EAA) are reasonably well defined for growing 

pigs (NRC, 2012).  However, with increased availability of crystalline AA at lower cost, the 

supply of NEAA for protein synthesis should also be considered.  Increased usage of crystalline 

EAA in pig diets will reduce crude protein (CP) levels in diet and therefore the dietary supply of 

NEAA.  Heger et al. (1998) reported that when EAA are kept constant in the diet and covered the 

minimum requirement for all EAA, N retention decreased as the ratio of EAA-N to total N 

(EAA:TN) increases beyond about 50 %.  Given that a lack of NEAA in the diet can 

compromise pig growth performance (Nitrayová et al., 2010), the supply of NEAA and the 

sources of N for endogenous NEAA synthesis should be considered carefully.  As mentioned 

earlier non-protein-N (NPN) can supply N required for the endogenous synthesis of NEAA.   

Previous studies, have reported that inclusion of NPN in pig diets does not benefit pig 

performance, but none of these studies have focused on replacing NEAA-N with NPN (Grimson 

and Bowland, 1971; Kornegay, 1972; Clawson and Armstrong, 1981).   

In this thesis, studies are presented that support that NPN absorbed in the upper and lower 

gut can be used efficiently for protein deposition and for improving feed efficiency in growing 

pigs fed diets deficient in NEAA-N.  In the first study, the effect of supplying NPN into the 

lower gut on whole body N retention, urea kinetics and enzyme activity involved in NEAA and 

urea synthesis was determined.  In the second study, the effect of feeding NPN on pig growth 

performance was explored.  
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2. LITERATURE REVIEW 

2.1. Introduction 

In swine nutrition research, there has been considerable emphasis on determining dietary 

requirements for essential amino acids (EAA; NRC, 2012).  Classically EAA are defined as 

amino acids (AA) that are required for protein synthesis and that cannot be synthesized by the 

animal in sufficient quantities to support maximum animal productivity (Bequette, 2003).  

Requirements for non-essential AA (NEAA), on the other hand, have received limited attention, 

as it is generally assumed that endogenous synthesis of these AA is sufficient to satisfy 

requirements for protein synthesis.  The capacity for endogenous synthesis of NEAA can, 

however, be limited by the supply of nitrogen (N) in the diet (Heger, 2003).  In other words, a 

proper balance between EAA and NEAA, or more generally between EAA-N and total N 

(EAA:TN), is required to achieve maximal utilization of EAA and to optimize animal 

productivity (Rose et al., 1949; Heger et al., 1998).  Diets with high supplementation of 

crystalline EAA and low levels of crude protein (CP) may not provide enough N for endogenous 

synthesis of NEAA.  In that case, EAA supplied from the diet or muscle protein may be 

catabolized in order to reach a proper balance between EAA and N required for endogenous 

synthesis of NEAA, which limits the efficiency of using EAA and can limit animal productivity. 

When establishing dietary AA and N requirements their bioavailability should be 

considered as well.  While it is generally accepted that measures of ileal digestibility provide 

reasonable estimates of bio-availability of AA (Stein et al., 2007), fecal digestibility may provide 

a better estimate of bioavailability of N.   Absorbed N from the hindgut, largely in the form of 
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ammonia, may be used for transamination reactions and thus for endogenous synthesis of NEAA 

(Bonarius et al., 1998).   

The present literature review is focused on N metabolism in different compartments of 

the gastrointestinal tract of non-ruminant animals, as well as urea production and synthesis of 

NEAA.  Studies about the optimum EAA:TN and the utilization of non-protein N (NPN) sources 

in pig diets will also be reviewed.   The purpose of this chapter is to provide enough information 

to understand the experiments presented in this thesis. 

2.2. Nitrogen metabolism in the gastrointestinal tract 

2.2.1. Amino acid bioavailability 

To meet the AA and N requirements of pigs, knowledge about the amounts of these 

nutrients that feed can provide is necessary.  To accurately cover nutrient requirements, dietary 

supply and requirements should be expressed in the same terms (Fuller, 2012).  The ability of a 

specific feed to supply a nutrient to cover the requirement is called bioavailability.   According to 

Batterham (1992), AA bioavailability is defined as “… the proportion of the AA in a feed that is 

digested and absorbed in a form suitable for protein synthesis”. Therefore, in AA nutrition 

“digestible” is not the same as “bioavailable” since it is possible that AA can be absorbed in 

forms that may be inefficiently utilized.  Bioavailability cannot be measured directly and 

estimates of it have been made using slope-ratio assays (Stein et al., 2007).  In these assays, 

animals are fed graded levels of an ingredient that is limiting in the nutrient that is evaluated and 

the slope of the response of the animals is expressed as a proportion of the response in a 

reference group of animals fed a reference ingredient with assumed AA bioavailability of 100 %.  
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These studies can only asses one AA at a time resulting in costly and time-consuming 

experiments.  The measurement of digestibility represents a more practical means of estimating 

AA bioavailability (Stein et al., 2007). 

The most practical way to routinely estimate AA bioavailability is standardized ileal 

digestibility (SID; NRC, 2012).  The SID considers values for apparent ileal digestibility (AID), 

whereby the ileal flow off AA is corrected for basal ileal endogenous AA losses (bIAA):  

           (           ⁄ )       

The upper gut is considered the gastrointestinal compartment that plays a fundamental 

role in AA nutrition since most of enzymatic protein digestion and AA absorption takes place 

there.  Lower gut fermentation of nitrogenous compounds generally results in a net uptake of N 

by the lower gut (de Lange, 1989), but the nitrogenous compounds that are absorbed do not 

provide AA that are available for protein synthesis by the host (Darragh et al., 1994; Fuller and 

Reeds, 1998).  Therefore, estimating AA bioavailability from SID considers that only AA 

absorbed prior to the terminal ileum can be used for protein synthesis by the host animal (Stein et 

al., 2007).  The measure of ileal, rather than fecal, digestibility is used to account for microbial 

fermentation in the lower gut of pigs, beyond the terminal ileum.  The main advantage of 

correcting ileal digestibility measures for bIAA is that SID values appear additive among 

different feed ingredients, which is a prerequisite for practical diet formulation.  A detailed 

review on this topic and other techniques for AA bioavailability estimation has been presented 

by Stein et al. (2007).  
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2.2.2. Protein digestion in the upper gut 

The upper gut is where most of the enzymatic digestion of protein and absorption of AA 

occurs.  Saliva, bile and pancreatic juice secreted in the upper gut account for most of the 

endogenous N secreted in the upper gut (Fuller and Reeds, 1998).  These N containing-

compounds as well as those coming from the diet have various fates: (i) enzymatic digestion and 

absorption, (ii) fermentation by the resident microflora in the upper gut and (iii) pass ing through 

the ileal-cecal valve to the lower gut.  The first fate has been broadly discussed elsewhere (e.g. 

section 2.2.1, Stein et al., 2007).  Fates ii and iii are discussed in this and the next section 

respectively.   

Microbial activity in the upper gut of pigs is generally low, especially when compared to 

that in the lower gut, but has been shown to influence whole body AA utilization in growing pigs 

(Metges, 2000; Libao-Mercado et al., 2009; Columbus et al, 2012).  Ammonia is the main N-

containing product of microbial fermentation; other N-containing microbial products are amines 

and microbial protein (Wrong and Vince, 1984).  Recent studies have shown that dietary and 

endogenous AA secreted in the intestinal lumen can contribute more than 90 % to ammonia 

production in the digesta (Wrong et al., 1985).  A high rate of microbial AA catabolism in the 

upper gut will reduce AA availability to the host (Libao-Mercado, 2007).  

Microbial activity can also represent a benefit to the host, depending on the source of N 

used to synthetize microbial AA (Libao-Mercado, 2007).  The AA derived from the diet or 

endogenous secretion used for the synthesis of microbial protein are considered to be of low net 

value for the host, since these AA can be (re-)absorbed directly by the host.  On the contrary, if 

the N source for microbially synthetized AA is NPN (e.g., urea, ammonia), indigestible protein 
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(mucin) or others forms of N (e.g. purines) it can represent a net benefit for the host.  

Torrallardona et al. (2003) reported that when 15NH4Cl was given orally, this tracer was 

incorporated in microbially synthetized lysine and absorbed mainly in the small intestine (> 90 

%).  The quantity of microbially produced and absorbed lysine was estimated to be 0.9-1.3 g/d, 

which contributes from 5 to 10 % to the requirement for growing pigs (NRC, 2012).  These data 

suggest that microbial synthesis of AA can be a potential source to cover AA requirement of 

pigs.  These new data have to be interpreted carefully since requirement determination generally 

does not separate microbially produced AA from the dietary supply and their supply may already 

be taken into consideration. 

2.2.3. Protein digestion in lower gut 

Nitrogenous compounds not absorbed in the upper gut reach the lower gut via the ileo-

cecal valve.  Studies on protein digestion in the lower gut are few.  It has generally been accepted 

that intact AA absorption does not occur in the lower gut and that N (e.g. as ammonia) absorbed 

by the lower gut is excreted almost quantitatively in urine (e.g. Zebrowska, 1973; Just et al., 

1981; Fuller and Reeds, 1998).  Krawielitzki et al. (1990) fed 30 kg-pigs a 18.5 % CP-containing 

diet and reported that 28 % of N intake reached the lower gut, while only 9.5 % was excreted in 

feces.  In that study, the net absorption of N by the lower gut was approximately 6.5 g/d.  They 

also reported that N absorbed by the lower gut was almost completely excreted in urine. 

In other experiment, de Lange (1989) fed pigs different protein-free diets and found that 

the amount of endogenous N that reached the lower gut (i,e. the terminal ileum) from the upper 

gut was about 3.2 g per kg feed intake; when pectin was included in the diet, this value increased 



8 

 

to 3.8 g per kg feed intake.  A net absorption of N in the lower gut was observed in that study 

(1.8 and 2.7 g per kg feed intake, for control and pectin diets, respectively).  Similar values were 

reported by Leibholz (1982) who found that 3.5 g endogenous N per kg feed intake reached the 

lower gut and that the net absorption of N from the lower gut was 1.8 g/kg feed intake.  In the 

same study, Leibholz (1982) reported that the N flow in the lower gut has no correlation with N 

content in casein diets, and therefore N in the lower gut is mainly from endogenous secretions or 

from microbial origin. 

In the lower gut, N is primarily absorbed as ammonia rather than intact AA (Just et al., 

1981).  Ammonia production in the hindgut is mainly generated from dietary or endogenous 

protein fermentation and not from urea hydrolysis (Wrong et al., 1985).  Ammonia is rapidly 

absorbed by the lower gut, appears in portal blood (Windmueller and Spaeth, 1975) and most of 

it is excreted in urine.  The latter will be discussed further in section 2.4.2.1. 

2.3. Nitrogen metabolism in the intestine 

The gastrointestinal tract is one of the most active metabolic tissues in the body.  The 

intestinal mucosa has a high metabolic rate, and on a tissue protein mass basis the intestinal 

mucosa is renewed every 4 to 5 d (Kim and Ho, 2010).  The protein content in this organ only 

accounts for 6 to 7 % of the total protein mass in the body but it represents more than 25 % of the 

protein synthesis rate and more than 16 % of the total CO2 produced in the body (van der Schoor 

et al., 2002).  The high rate of protein metabolism can be attributed to the high cell turnover rate 

in the mucosa and the synthesis of endogenous protein secreted into the intestinal lumen.   
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Although digestion and absorption of dietary and endogenous protein occurs mainly in 

the upper gut, studies have shown that not all AA that are absorbed appear in the portal vein 

(Stoll et al., 1998; van Goudoever et al., 2000).  There are two possible fates of the AA that are 

not accounted for in portal vein appearance after apparent absorption: (i) enterocytes incorporate 

these AA into mucosal protein that could be retained or secreted into the intestinal lumen, or (ii) 

either enterocytes or luminal microbes catabolized these AA.   

In regards to EAA, Stoll et al. (1998) found that less that 40 % of [U-13C] threonine 

infused in the lumen of pigs appeared in portal vein; this low value could reflect the extensive 

use of threonine for mucin synthesis, and possibly threonine catabolism by either intestinal 

microbes or intestinal tissue (van der Schoor et al., 2002).  For lysine and leucine appearance in 

the portal vein was lower than 70 %  (van Goudoever et al., 2000).  These data are in agreement 

with Yu et al. (1995) who reported that leucine catabolism in the portal-vein drained visceral 

organs can account for up to 30 % of the total enteral supply.  The disappearance of AA prior to  

appareance in the portal vein could compromise availability of AA to peripheral tissues if  these 

AA are merely catabolized in the enterocytes.  Ammonia levels in portal blood was also increase 

after feeding, which also confirms AA catabolism in the intestinal lumen or portal drained 

visceral organs (Stoll et al., 1998). 

Metabolism of NEAA is also important in the intestine.  Some NEAA, like arginine, 

tyrosine and alanine, appear in portal vein in greater amounts that their disappearance from the 

intestinal lumen, which implies a net synthesis of NEAA (Windmueller and Spaeth, 1975; Stoll 

et al., 1998).  On the contrary, glutamate and glutamine are preferentially catabolized by 

intestinal tissue (Windmueller and Spaeth, 1980).  Among NEAA, glutamine plays an important 
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role in intestinal metabolism, serving as source of energy for enterocytes and lymphocytes, 

regulator of acid-base balance, carrier of non-toxic N within and between tissues, as well as 

precursor for synthesis of nucleic acids, amino sugars and proteins (Lacey and Wilmore, 1990; 

Lobley et al., 2001).  Experiments suggest that glutamine is an important fuel for enterocytes, 

with more than 30 % first-pass catabolism by the intestinal mucosa (Wu, 1998).  Windmueller 

and Spaeth (1975) reported than glutamine uptake in the intestine is from systemic circulation 

and luminal absorption in almost equal amounts.  Glutamine as a fuel for the intestine seems to 

be crucial, especially during the first days after birth.  Wu et al. (1995) reported that glutamine 

represented up to 36 % of CO2 produced in 0-7 d old pigs; this proportion is decreased to 4 % in 

14-21 d old pigs.  This is in agreement with the idea that glutamine is necessary for a normal 

intestinal development in new born pigs (Lacey and Wilmore, 1990). 

Glutamine can be metabolized in intestinal tissue to a number of compounds.  

Windmueller and Spaeth (1980) perfused glutamine in the jejunum and found that ammonia, 

citrulline, alanine and proline released into portal circulation accounted for 97 % of glutamine-N.  

Ammonia and alanine accounted for more than 70 % of glutamine-N (Windmueller and Spaeth, 

1975).  As will be discussed in section 2.4.2, ammonia appearing in portal blood reaches the liver 

and stimulates urea synthesis in hepatocytes.   
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2.4. Nitrogen metabolism in the liver 

2.4.1. Non-essential amino acid synthesis 

The liver is the main site for synthesis of NEAA (Figure 2.1), AA catabolism, as well as 

synthesis of a variety of plasma proteins and urea (Meijer et al., 1990, Brosnan and Brosnan, 

2007).  In general, the incorporation of N into NEAA involves the amination of an α-keto acid, 

with glutamate as the main donor of amino groups (Bequette, 2003).  Glutamate, in turn, can be 

synthesized in the liver from 2-oxoglutarate and ammonia or be supplied from the diet and 

endogenous glutamate production in intestinal or peripheral tissue (Cooper et al., 1986).  Apart 

from glutamate, glutamine, proline and glycine, the rest of NEAA are synthetized by 

transamination with the respective α-keto-acid and an amino group donor AA.  Aspartate, 

alanine and serine can be formed by transamination of the respective oxo-acid with glutamate as 

an amino-N donor.  Proline and arginine are derived from glutamate with glutamate-

semialdehyde as an immediate common precursor; asparagine is synthetized from aspartate and 

transamination with glutamine, and glycine derived from serine.  Although cysteine and tyrosine 

are considered as NEAA, they require methionine and phenylalanine to be synthesized, 

respectively (Bender, 2012; Lieberman and Marks, 2009).   

Typically, and when pigs are fed practical diets, dietary supply and endogenous synthesis 

provide sufficient quantities of NEAA to meet their requirements for maximal growth.  In some 

situations (e.g., new born piglets or when feeding diets with low NEAA content), the production 

of certain NEAA may not be sufficient; these AA may be called conditionally EAA (NRC, 

2012).  Proline, arginine, glutamine, cysteine and tyrosine have been indicated as conditionally 
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EAA (Ball et al., 1986; Lacey and Wilmore, 1990; NRC, 2012).  More recently, it has been 

suggested that glycine is a conditionally EAA as growth performance of pigs improved when 

glycine was used merely as a source of N compared with those pigs fed an iso-nitrogenous diet 

that included glutamate instead (Powell et al., 2011).  The synthesis of these conditionally EAA 

may be limited as the transamination reaction or the synthesis of the correspond α-keto acid is 

not sufficient (NRC, 2012). 

2.4.1.1. Enzyme activity 

Glutamate is the primary AA that can be synthetized with direct incorporation of 

ammonia, using α-ketoglutarate as the α-keto acid.  This reaction is catalyzed by glutamate 

dehydrogenase (GDH).  Glutamine can also incorporate an ammonia-N using glutamate as a 

precursor via glutamine synthetase (Gln-S).  Ammonia can also be incorporated into aspartate, 

but this AA-dehydrogenase enzyme is present in microorganisms and not in mammals (Bender, 

2012).  

2.4.1.1.1. Glutamate dehydrogenase 

Glutamate dehydrogenase catalyzes the main pathway for the incorporation of ammonia-

N into AA.  This reaction is enhanced by low concentrations of glutamate, high concentrations of 

α-ketoglutarate and, specifically, high ammonia concentrations (Spanaki and Plaitakis, 2012).  

This pathway ensures low concentration of toxic ammonia in systemic circulation (Stoll et al., 

1991; Brosnan and Brosnan, 2009).  Small increments of ammonia concentrations in plasma can 

cause disturbances in consciousness, and coma (Bonarius et al., 1998).  In the liver, in 

perivenous hepatocytes, the production of glutamate is important to decrease the amount of 
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ammonia that reaches the systemic circulation (Stoll et al., 1991).  Glutamate synthetized by this 

enzyme acts as the main amino group-donator for the synthesis of other NEAA.   

Studies on GDH are contradictory in the direction of the reaction, some suggest that the 

direction is in favor of ammonia production rather than glutamate synthesis since the Km for 

ammonia is higher than physiological concentration (Katagiri and Nakamura, 2002); while others 

have proved that labelled glutamate is formed after supply of labelled ammonia in the portal vein 

implying that GDH can synthesized glutamate in the liver (Cooper et al., 1987; 1988; Nissim et 

al., 1999).  Reviews about GDH role in ammonia metabolism suggest that this enzyme is close to 

equilibrium acting as an ammonia supplier for the synthesis of urea in periportal hepatocytes and 

as an ammonia scavenger for the synthesis glutamate and subsequent synthesis of aspartate and 

glutamine in peryportal and  perivenous hepatocytes, respectively (McGivan and Chappell, 1975; 

Hudson and Daniel, 1993; Treberg, et al., 2010). 

2.4.1.1.2. Glutamine synthetase 

Glutamine synthetase catalyzes the incorporation of ammonia-N into glutamate 

producing glutamine.  The Km for this enzyme is lower than that for GDH and it represents an 

energy cost since one mole of ATP is used for every mole of glutamine synthetized (Taylor and 

Curthoys, 2004).  Gln-S activity is high in the perivenous hepatocytes and it represents a highly 

efficient pathway to capture ammonia before it enters in the systemic circulation.  Glutamine 

plays an important role in N transport among tissues, especially during metabolic acidosis when 

urea synthesis is decreased and ammonia-N is captured in glutamine and taken to the kidneys for 

direct ammonia excretion (Golden et al., 1982; Haüssinger, 1989).  Glutamine synthetase activity 

for glutamine synthesis is also important in muscle tissue during starvation and when AA are 
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catabolized for fuel (Bender, 2012).  Rémésy et al. (1997) suggested that glutamine synthase 

plays an important role on nitrogen salvage when rats are fed low protein diets.  In that study, 

rats fed a 11 % casein diet had a 73 % higher glutamine flux in the liver compared to the 22 % 

casein group.  These data suggest that when N is low in the diet, Gln-S activity is enhanced and 

N fate is shifted toward glutamine synthesis rather than urea. 

2.4.1.1.3. Glutaminase 

This enzyme catalyzes the conversion of glutamine to glutamate and ammonia.  The 

activity of this enzyme is mainly in the liver, important during starvation and high protein intake; 

and in kidneys during metabolic acidosis to excrete glutamine-N as ammonia through urine.  

(Guder et al., 1987; van de Poll et al., 2004).  Glutaminase in the liver is activated by portal 

ammonia ensuring that ammonia concentration is increased for urea synthesis in the periportal 

hepatocytes (Buttrose et al., 1987). 

2.4.2. Urea production 

The ornithine cycle or urea cycle was discovered by Krebs and Henseleit (1932).  The 

main location where all urea cycle enzymes are present is in the periportal hepatocytes.  The urea 

cycle enzyme complex (Figure 2.2) consists of two intra-mitochondrial enzymes [Carbamoyl-

phosphate synthetase-I, (CPS-I), ornithine-carbamoyl transferase] and three extra-mitochondrial 

enzymes (arginino-succinate synthase, arginino-succinate lyase, and arginase).  There is a tight 

channeling of metabolites from one enzyme to the next, with CPS-I being the first enzyme which 

synthesizes carbamoyl-phosphatase from ammonia and HCO3
- and the main regulator of the 

cycle (Figure 2.2).  CPS-I activity is not inhibited by its product and it is highly dependent on  
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N-acetyl-glutamate which acts as an allosteric activator (Zollner, 1981).  Detailed information 

about the urea cycle and its regulation is provided by Meijer et al. (1990). 

Urea is considered an end product of catabolism of AA and the main pathway of 

ammonia disposal in ureotelic animals (Meijer et al., 1990).  Other studies have considered that 

the main role of urea synthesis is the disposal of HCO3
-, an abundant by-product during AA 

catabolism, as ammonia can also be excreted in urine via glutamine, a non-toxic N transporter 

between the liver and kidneys, without affecting N balance (Haüssinger, 1986).  Studies in rats 

have shown that urea synthesis is decreased in situations of metabolic acidosis, when HCO3
- is 

scarce while ammonia excretion in urine is enhanced (Welbourne et al., 1986).   

Ammonia is the main donor of N for urea synthesis in the liver (Cooper et al., 1987; 

Meijer et al., 1990).  Cooper et al (1987) reported that ammonia-N in rats can be incorporated 

into urea and glutamine in a ratio of 14:1.  Free ammonia can reach the liver from different 

sources: direct absorption from gastrointestinal tract (product of microbial fermentation of 

nitrogenous compounds, Wolpert et al., 1971), from glutamine catabolism in the enterocytes 

glutaminase (Windmueller and Spaeth, 1980), and from glutamate catabolism in the hepatocytes 

via GDH (McGivan and Chappell, 1975).  Ammonia-N can be incorporated into urea-N via 

mitochondrial carbamoyl phosphate synthesis or via cytoplasmic aspartate (Figure 2.2).  

Aspartate and glutamate pools are considered to be in equilibrium via transamination, with the 

result that ammonia and AA amino-N can both be incorporated into urea (Parker et al., 1995).  

All AA, except the branch chained AA, can serve as a direct N-donor for urea synthesis via 

direct oxidation or transamination with aspartate or glutamate (Meijer et al., 1990).  In ruminants 

and in situations of increasing urea production, it has been shown that the relative contribution of 
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ammonia to urea production is decreased (Lobley et al., 1995).  This suggests that high levels of 

ammonia detoxification in the liver induce AA catabolism (Mutsvangwa et al. 1997; Lobley et 

al., 1995).   

Synthesis of urea in the periportal hepatocyte is usually defined as a system of great 

capacity but small affinity.  This is a consequence of the high Km of CPS-I for ammonia (Meijer 

et al., 1990).  To overcome this, glutamine catabolism in the intestinal mucosa  and in the liver 

(i.e. periportal hepatocytes), via glutaminase, is important to provide extra free ammonia that 

stimulates urea synthesis.  The ammonia that exceeds urea production capacity is incorporated 

into glutamine by perivenous hepatocytes, a system with high affinity.  This heterogeneity in 

hepatocyte cells distribution ensures that non-toxic levels of ammonia enter in the systemic 

circulation (Haüssinger, 1990). 

As mentioned earlier, the liver is the main organ of urea synthesis and urea production is 

mainly of periportal location (Haüssinger, 1990).  Studies have also shown that enterocytes are 

able to produce urea, although this capacity is small in comparison to the liver, and the liver 

remains as the main organ able to synthetize urea from ammonia (Wu, 1995).  In the intestinal 

mucosa, citrulline can be synthetized from glutamine catalyzed by N-acetyl glutamate synthase, 

CPS-I and ornithine carbamoyl-transferase.  As the urea production rate in the intestinal mucosa 

is relatively small, its importance is on the production of intermediates for the urea cycle in the 

liver (Windmueller and Spaeth, 1975).  Citrulline synthetized in the intestine cannot be readily 

used in the liver, since hepatocytes’ membrane is impermeable to citrulline, and has to be 

converted to arginine in the kidney before it can be used in the liver for urea synthesis 

(Windmueller and Spaeth, 1981).  In the brain, urea can be synthetized from citrulline coming 
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from the nitric oxide cycle.  The brain does not contain ornithine carbamoyl-transferase, 

preventing ammonia-N from being incorporated into urea in this tissue (Bender, 2012).  

2.4.2.1. Urea recycling  

Studies on urea kinetics have shown that excretion of urea in urine does not account for 

the entire amount of urea production in the body (Walser and Bodenlos, 1959).  This difference 

is considered to be recycled into the gastrointestinal tract and is referred to as urea recycling.  

Recycled urea is susceptible to hydrolyses by the intestinal microflora into ammonia and can be 

used by microbes for AA production (Wrong et al., 1985; Jackson, 1995; Metges et al., 1999).  

As recycled urea-N products can be absorbed by the host (Metges, 2000; Bergen and Wu, 2009), 

direct measurements of urea recycling are difficult.  Tracer studies with 15N15N-urea can be used 

to estimate the extent of urea recycling from the urinary excretion of 15N14N-urea, assuming that 

the endogenous synthesis of 15N15N-urea is almost nonexistent (Jackson et al., 1984; Hibbert and 

Jackson, 1991).  A key limitation of this technique is its requirement for the total collection of 

labelled N, which can be retained in non-excreted products such as microbial protein in the 

intestinal lumen (Lobley et al., 2000).  An indirect means of estimating urea recycling is to 

determine whole body urea flux and calculate urea recycling as the difference between whole  

body urea flux and urinary urea excretion (Thacker et al., 1982; Mosenthin et al., 1992a). 

Estimates of urea recycling are variable.  Common values under normal protein intake 

range from 20 to 30 % of urea production in humans (Long et al., 1978; Danielsen and Jackson, 

1992; Hibbert et al., 1995) and pigs (Mosenthin et al., 1992b; Columbus et al., 2012); however 

studies have reported values up to 90 % in ruminants (Harmeyer and Martens, 1980). 
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The reasons for variation in urea recycling are not well understood.  Most of the urea 

kinetics studies showed a reduction in the absolute amount of urea recycling (e.g., g/d) when N 

intake, and therefore, plasma urea-N levels are decreased.  Interestingly, the proportion of urea 

recycled relative to urea production is increased with reducing N intake (Picou and Phillips, 

1972; Thacker et al., 1982; Mosenthin et al., 1992; Danielsen and Jackson, 1992).    Thacker et 

al. (1982) showed in pigs a relative increase (e.g., %) in urea recycling when N intake was 

decreased.   

Urea kinetic studies in pigs are few compared to those in ruminants.  A meaningful 

review of urea kinetics in ruminants (cattle, sheep and goats) was published by Harmeyer and 

Martens (1980).  They observed a strong relationship between urea production and N intake, 

while the correlation between urea production and plasma urea concentration is not that clear.  

More important is the strong correlation between urea recycling, as proportion of urea 

production, and CP content in the diet (Figure 2.3), where urea recycling is about 90 % when diet 

CP content is as low as 3 % and decreases to about 30 % with 27 % CP in diet.  The greater 

proportion of urea recycling when N intake is decreased, and therefore when plasma urea 

concentration is lower, suggest the activation of mechanisms of secreting urea into the lumen of 

the gastrointestinal tract.  This hypothesis agrees with results reported by Muscher et al. (2010) 

who found that a specific urea transporter activity, from serosa to mucosa epithelium, is 

enhanced when goats are fed low protein diets. 

There is some controversy about where in the gastrointestinal tract urea recycling occurs.  

Early studies, made by Jackson’s group, focused on the lower gut as the main place for urea 

secretion into the intestinal lumen (Langran et al., 1992; Danielsen and Jackson, 1992; Jackson, 
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1995).  This view was based on the idea that urease microflora activity was localized solely in 

the colon and, therefore, urea had to be secreted there since ammonia was a product of recycled 

urea (Moran and Jackson, 1990; Langran et al., 1992).  Moreover, it was considered that about 3 

to 5 g of urea are recycled daily while urea flow through the ileo-cecal valve is only around 0.3 

to 0.4 g in humans under a normal dietary protein intake (14 g of N, Jackson et al., 1984; Moran 

and Jackson, 1990).  In this interpretation various potential aspects of urea metabolism are not 

considered, including hydrolysis and re-absorption of urea and its products in the upper gut, as 

well as the incorporation of urea-N in microbial protein in the upper gut (Columbus, 2012).  In 

vitro studies have proved that urease activity is present along the mucosa in the entire 

gastrointestinal tract in humans (Aoyagi et al., 1966), and that all urease activity is of microbial 

origin (Evans et al., 1966).  In addition, Wolpert et al. (1971) reported that human colon was 

impermeable to urea.  

In a study with 15NH4 and digesta exchange between labelled and unlabelled animals, 

Krawielitzki et al. (1990) reported that N secretion into the gastrointestinal tract occurs primarily 

in the stomach and proximal ileum.  In a review, Fuller and Reeds (1998), reported that secretion 

of N into the upper gut is primarily with saliva, bile and pancreatic secretions; which all contain 

urea (Buraczewski, 1986).  Mosenthin et al. (1992a) using the digesta exchange technique 

between labelled and unlabelled animals also reported that urea-N that reached the lower gut is 

coming primarily from the upper gut; they also suggested that the lower gut is impermeable to 

urea.  Consequently, it appears to be that the main site for urea secretion (urea recycling) in the 

gastrointestinal tract is the upper gut (i.e.  proximal duodenum), and if any urea recycling occurs 

in the lower gut urea hydrolysis may be of mucosal or juxtamucosal location and generated 
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ammonia is absorbed rapidly (Summerskill and Wolpert, 1970; Wrong and Vince, 1984; 

Karasawa and Nakata, 1986) 

2.5. Essential amino acid nitrogen to total nitrogen ratio 

The increased availability of crystalline AA, and environmental policies on reducing N 

excretion within pig manure have led to increased usage of crystalline EAA in pig diets, 

lowering dietary CP levels and improving N utilization efficiency (Roth et al., 1993).  When the 

CP level in pig diets is lowered the dietary supply of NEAA and N for endogenous synthesis of 

NEAA is reduced and can become limiting for maximum animal productivity, reducing EAA-N 

utilization (Heger, 2003).  Consequently, it is important to define the optimum balance between 

the supply of EAA and NEAA, or more generally between dietary supply of bioavailable EAA-N 

and total N.  

While requirements for key EAA, such as lysine, methionine and threonine, are 

reasonably well established, requirements for NEAA and N have not received much attention.  

Different authors have different classifications of AA among EAA and NEAA, leading to 

differences in the calculation of EAA:TN.  For example in pigs arginine has been considered as 

an EAA by Heger et al. (1998) and Lenis et al. (1999), while Markert et al. (1993) and 

Gotterbarm et al. (1998) considered it a NEAA.  In the same context, any excess of EAA-N 

supply relative to that based on the optimum dietary AA balance (e.g., in the ideal protein 

concept; NRC, 2012) may be considered as NEAA-N as it can be used for the endogenous 

synthesis of NEAA without affecting the efficiency of using EAA (Heger, 2003). 
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2.5.1. Optimum essential amino acid nitrogen to total nitrogen ratio 

The optimum dietary EAA:TN for maximal animal performance has been studied in 

different species.  In rats, Stucki and Harper (1962) studied the effect of varying EAA:TN from 

0.34 to 1.0 at two N contents in the diet (1.2 and 2.4 %) and reported low growth performance 

when feeding diets that only contained EAA.  In these studies, reduced growth performance at 

similar dietary N contents was attributed to reduced feed intakes when diets contained EAA 

only. Within the lowest N content diet, performance was reduced when EAA:TN was 0.34 but 

not when diets contained 2.4 % N, implying that the intake of EAA was not enough to support 

maximal performance.  No improvement in growth performance was observed when EAA:TN 

was varied between 0.50 and 0.81, suggesting that the minimal optimum EAA:TN is about 0.50.  

Young and Zamora (1968) conducted a similar experiment with a wider range of EAA:TN (0.14-

0.93) and at two different dietary N contents.  Their results showed that both higher and lower 

EAA:TN values outside the optimum range of 0.47 to 0.70 decreased rat growth performance.  

Adkins et al. (1966) also reported that supplementation of NEAA to a diet containing only EAA 

improved body weight (BW) gain and feed efficiency in rats. 

In chicks, only two experiments have been reported exploring the effect of altering 

EAA:TN.  Stucki and Harper (1961) reported that in a basal diet with low CP content of 15 % 

changes in EAA:TN between 0.55 and 0.76 had little influence on BW gain, while this effect 

was more noteworthy when the dietary CP content was elevated to 27 %. Sugahara and Ariyoshi 

(1968) varied EAA:TN from 0.38 to 0.71 and reported that the optimum for maximum growth 

was 0.57.  Interestingly, the maximum plasma concentrations of EAA were found in the group 

fed the diet 0.57 and not in the diet where EAA were oversupplied, implying that dietary EAA 
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were being catabolized for endogenous NEAA synthesis.  Maximum concentrations for NEAA 

in plasma were found in the group fed the lowest EAA:TN.   

Gotterbarm et al. (1998) studied the effect of altering EAA:TN from 0.29 to 0.5 on whole 

body N retention in growing pigs and concluded that when pigs were fed iso-nitrogenous diets, N 

retention was improved with increasing EAA:TN ratio, with a maximum at 0.5.  Nitrayová et al. 

(2010) in a similar experiment reported a curvilinear response to EAA:TN between 0 and 1.0 in 

iso-nitrogenous diets, with maximal N retention around 0.6.  Lenis et al. (1999) studied three 

different EAA:TN (0.35, 0.45 and 0.56) at three different N levels in the diet (1.9, 2.3 and 3.0) 

and reported increases in N retention when increasing EAA:TN from 0.35 to 0.45 in the two 

lower N content diets, further increase in EAA:TN did not show improvement.  Further 

exploring this concept, Heger et al. (1998) measured N retention in two different experiments, 

either keeping total N or EAA-N supply constant.  They reported a curvilinear response when 

EAA:TN was varied between 0.25 and 0.86 when total daily N intake was kept constant, with the 

maximum N retention at 0.6.  When total daily EAA-N intake was constant, they reported a 

linear decrease in N retention when EAA:TN was increased above 0.48; no response was found 

difference when EAA:TN was lowered below 0.48.  In the comprehensive studies conducted by 

Heger et al. (1998), pigs were fed purified diets based on casein and crystalline AA, which 

should be considered when extrapolating optimum EAA:TN to more practical diets 
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2.6. Utilization of non-protein nitrogen 

2.6.1. Incorporation on non-protein nitrogen into amino acids and body tissues 

Feeding urea-N can be useful for supporting protein synthesis in ruminants, but its 

usefulness when fed to non-ruminant animals has not been fully explored.  Many experiments 

have studied the incorporation of NPN, especially urea-N, into AA and different body tissues.  

Liu et al. (1955) reported that dietary 15N15N-urea was retained in the liver, kidneys and plasma 

but not in muscle tissue of pigs.  Rose and Dekker (1956) also reported significant incorporation 

of dietary 15N15N-urea in the whole body of rats fed a diet deficient in NEAA-N.  It has been 

reported that urea has to be hydrolyzed into ammonia by microflora in the gut before urea-N can 

be retained in the body.  Deguchi et al. (1978) showed higher enrichment in liver, kidneys and 

muscle in pigs fed 15N-ammonia compared to 15N15N-urea.  In another study, Deguchi et al. 

(1978) found that 15N enrichment in the whole body was not detectable when 15N15N-urea was 

given to germ-free piglets, while enrichment occurred when germ-free pigs were given 15N-

ammonia.  Dintzis and Hastings (1953) confirmed these findings, showing that all urease activity 

in the gastrointestinal tract was abolished after feeding rats a mixture of antibiotics.  In humans, 

analysis of a dialysate in the colon showed a decrease in ammonia concentration and an increase 

in urea concentration after antibiotics administration (Wrong, 1967).  In summary, these studies 

have proven that NPN is incorporated in AA and body tissue but it does not mean that NPN is of 

nutritional benefit for the animal. 
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2.6.2. Non-protein nitrogen as a dietary supplement for non-ruminant animals 

Although supplementation of NPN in diets for ruminant animals is common, 

supplementation in diets for non-ruminant animals is not.  Experiments carried out in the past 

decades have led to different conclusions about the benefit of the supplementation of non-

ruminant diets with NPN.  While some authors reported that urea is of no nutritional benefit, 

others concluded that it decreases animal performance.  Urea supplementation has been shown to 

reduce animal performance when it is added to replace intact protein and when the dietary EAA 

balance is not taken into consideration (Hanson and Ferrin, 1955; Grimson and Bowland, 1971; 

Kornegay, 1972).  Pig performance was restored, however, when lysine and methionine were 

added to compensate EAA taken when intake of intact protein is decreased, even though results 

were always numerically lower (Grimson and Bowland, 1971; Chiba et al., 1995). 

Studies with ammonium salts as dietary NPN supplement have shown similar results.  

Richards et al. (1967) reported that ammonia-N is incorporated in plasma albumin and that 

incorporation is higher when N intake is reduced in humans. Clawson and Armstrong (1981) 

reported improved rat growth performance when ammonium phosphate was used as a 

phosphorus supplement and to increase dietary N content.  Wehrbein et al. (1970) reported that 

replacement of up to 10 % of N intake with ammonium salts had no effect on BW gain in 

growing-finishing pigs, but at 20 % replacement feed intake was reduced considerably, 

coinciding with poorer performance.  As with urea, performance was improved with adequate 

EAA supplementation.  Kornegay (1972) incorporated ammonium phosphate at a rate of 2.6 % 

in iso-nitrogenous and iso-lysine diets, reporting no effect on growth performance of pigs.   
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Although not statistically different, in these studies growth performance and feed intake 

were always reduced numerically with NPN supplementation.  In these studies cost-benefit 

analyses were not conducted.  

Few performance studies have explored NPN supplementation in diets deficient in 

NEAA-N, likely because these diets require high supplementation of crystalline EAA and are, 

therefore, expensive and difficult to test in long-term performance studies.  In rats, when 15N15N-

urea was supplemented in diets, it was found that enrichment in carcass protein was more than 

13 times higher when feeding diets deficient in NEAA, compared to rats given a well-balanced 

AA diet (Rose and Dekker, 1956), showing that the utilization of NPN is influenced by dietary N 

supply relative to requirements.  Similar results were reported by Lardy and Feldott (1950) when 

ammonium citrate was supplemented in NEAA-N deficient diets.  Finally, Rose et al. (1949) 

tested different NEAA and NPN as sources of N in the same NEAA-N deficient diet, using BW 

gains of rats as the response criterion.  They reported that glutamate, ammonium citrate, 

ammonium acetate, glycine and urea all improved growth performance and suggested that they 

can all serve as N sources for endogenous synthesis of NEAA, but with decreasing efficiency.  

Similar results were reported in chickens by Allen and Baker (1974) and in humans by Giordano 

(1963).   Such studies have not been conducted in growing pigs. 

2.7. Conclusions 

Metabolism of N in the gastrointestinal tract of non-ruminant animals has been 

extensively studied in the upper gut, but only few recent studies have focused on the utilization 

of N absorbed by the lower gut.  It is generally accepted that N absorbed by the lower gut is 
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almost completely excreted in urine.  No study, however, has focused on the utilization of N 

absorbed by the lower gut when feeding pigs diets that are deficient in NEAA-N.   Several 

studies support requirements for a proper balance between EAA and NEAA - or more generally 

between dietary bioavailable EAA-N and total N - for maximal protein deposition and 

productivity of growing pigs.  This balance is becoming more critical with increased usage of 

crystalline EAA in pigs diets, which is associated with reducing dietary protein levels and dietary 

intake of NEAA.  Therefore, studies should focus on the use of various N sources for 

endogenous synthesis of NEAA and the impact of feeding different, inexpensive N sources on 

growth performance of pigs fed diets conditionally deficient in NEAA.  
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Figure 2.1  Overview of the synthesis of the NEAA:  The carbons of 10 amino acids may be 
produced from glucose through intermediates of glycolysis or the TCA cycle.  The 

11th NEAA, tyrosine, is synthesized by hydroxylation of the EAA phenylalanine.  
Only the sulfur of cysteine comes from the EAA methionine; its carbons and 

nitrogen come from serine; adapted from Lieberman and Marks, 2009.   
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Figure 2.2   The ornithine cycle: 1) Carbamoyl-phosphate synthase, 2) Ornithine-carbamoyl 
transferase, 3) Arginino-succinate synthase, 4) Arginino-succinate lyase, 5) 

Arginase, 6) Glutamate dehydrogenase, 7) Transaminase, 8) N-acetyl glutamate 
synthase, adapted from Meijer et al., 1990. 
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Figure 2.3  Relationship between crude protein content of diets and rate of urea degradation 

in the body as percent of total urea entry rate in goats (●), sheep (▲), and cattle 

(x),  adapted from Harmeyer and Martens, 1980. 
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3. RESEACH RATIONALE AND OBJECTIVES 

Determination of the bioavailable nutrient content in feed is important for meeting dietary 

nutrient requirements while minimizing wastage of nutrients.  The small intestine is the main site 

for enzymatic digestion and amino acid (AA) absorption of dietary and endogenous N 

compounds (e.g. protein and AA), while N (i.e. as ammonia) absorbed in the lower gut is 

considered to be of little value for supporting body protein deposition.  Ammonia-N produced in 

the lower gut is absorbed efficiently and carried to the liver through the portal vein where it is 

incorporated into non-toxic metabolites before it reaches the systemic circulation.  In the liver, 

the two main fates of ammonia-N are:  (i) incorporation into urea and subsequent excretion with 

urine, unless urea is recycled into the upper-gut, hydrolyzed and incorporated into microbial-AA 

which could be of benefit for the host, or (ii) incorporation into non-essential AA (NEAA) (i.e. 

glutamate or glutamine) and subsequent potential transamination to other (NE)AA.  

Incorporation into urea is likely the main fate, especially when there is limited need for 

endogenous synthesis of NEAA.  It can thus be hypothesized that under conditions of 

insufficient dietary NEAA supply, ammonia-N is preferentially incorporated into NEAA in the 

liver, rather than excreted as urea. 

Therefore, the objectives of the studies presented in this thesis are:  

1. to determine the effect of infusing varying amounts of urea into the lower gut of pigs 

fed a diet deficient in NEAA-N on whole body N retention, urea kinetics and the 

activity of enzymes involve in urea  and NEAA synthesis in the liver (Chapter 4) and,   

2. to investigate if dietary NPN can supply N as efficiently as intact protein for improving 

growth performance of pigs fed a diet deficient in NEAA-N (Chapter 5).   
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4. UREA NITROGEN ABSORBED FROM THE LOWER GUT IS USED 

EFFICIENTLY FOR BODY PROTEIN DEPOSITION IN PIGS FED A DIET 

DEFICIENT IN NON-ESSENTIAL AMINO ACID NITROGEN  

4.1. Abstract 

Nitrogen (N) absorbed by the lower gut of non-ruminants animals is generally thought to 

be of little value for supporting body protein synthesis.  Nitrogen absorbed by the lower gut, 

largely in the form of ammonia, can be used for synthesis of urea or transamination reactions 

including synthesis of non-essential amino acids (NEAA), primarily in the liver.  Urea can be 

excreted in urine or recycled into the upper gut and contribute to microbially-produced amino 

acids (AA) that may be used by the host for protein synthesis.  A whole body N-balance study 

was conducted to evaluate the impact of N supply into the lower gut of pigs fed a diet deficient 

in NEAA-N.  Nine pigs (initial BW 16.9 ± 0.27 kg) were fitted with a simple T-cannula in the 

caecum and fed a cornstarch and casein-based diet, at 2.8 times maintenance DE requirements, 

with a high ratio of essential AA (EAA)-N to total N (EAA:TN; 0.75).  Pigs were randomly 

assigned to saline or two urea infusion rates into the caecum (0, 1.5 and 3.0 g/d urea-N) 

following a balanced design from two different 3 x 3 Latin Squares and during three subsequent 

experimental periods.  At the highest urea infusion rate, EAA:TN supply from the diet and 

infused urea was 0.55.  Within experimental periods, pigs were adjusted to treatments for 5 d 

prior to a 4 d N-balance period.  Prior the third N-balance period, two jugular vein catheters were 

placed in each animal for continuous infusion of 15N15N-urea to determine urea kinetics.  At the 

end of the experiment pigs were slaughtered and samples of liver were taken to measure activity 

of carbamoyl-phosphate synthetase I (CPS-I, EC: 6.3.4.16), glutamate dehydrogenase (GDH, 
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EC: 1.4.1.2) and glutamine synthetase (Gln-S, EC: 6.3.1.2).  Whole body N retention was 

improved linearly with urea infusion (P < 0.01; mean ± SE; 4.86 ± 0.20, 6.40 ± 0.21, and 7.75 ± 

0.19 g/d for 0, 1.5 and 3.0 g/d urea-N infused, respectively).  Average daily gain was also 

improved linearly (P < 0.05; 267 ± 16, 314 ± 17 and 360 ± 15 g/d, respectively).  When 

compared to the control (0 g/d urea-N infusion), the marginal efficiency of using N absorbed by 

the lower gut for improving whole body N retention was not affected by urea infusion rate (P > 

0.10; 104.1 ± 9.7 and 87.4 ± 7.9 % for infusing 1.5 and 3.0 g/d urea-N, respectively).  Plasma 

urea concentration was similar for all treatments (P > 0.10) and low (overall mean 0.23 mM). 

Urea flux and urea recycling were not altered by urea infusion into the caecum (P > 0.10).  

Enzymes activity of CPS-I or Gln-S were not different between treatments (P > 0.10), but GDH 

showed a trend for a positive linear response with increasing urea-N infusion rate (P = 0.057).  

These results indicate that non-protein N (NPN) absorbed from the lower gut is efficiently used 

for body protein deposition when feeding pigs a diet deficient in NEAA-N. 

Key words:  Carbamoyl-phosphate synthetase-I, glutamate dehydrogenase, glutamine 

synthetase, lower gut, non-essential amino acids, pigs, urea, urea kinetics. 

4.2. Introduction 

Nitrogen (N) absorbed from the lower gut is generally considered to be of little value for 

supporting body protein synthesis in non-ruminant animals (Columbus and de Lange, 2012).  

Many experiments have shown that N infused into the lower gut of humans (Heine et al., 1987) 

and pigs (Zebrowska, 1973; Darragh et al., 1994) is absorbed efficiently regardless the source of 

infused N (Columbus et al., 2012).  Nitrogen absorbed from the lower gut is primarily in the 
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form of ammonia, rather than urea or intact amino acids (AA), due to enteric fermentation 

(Wilson et al., 1968; Deguchi et al., 1978; Fuller and Reeds, 1998).  Absorbed ammonia-N is 

taken by the portal vein to the liver, where it can be incorporated into urea or used for 

transamination reactions, including synthesis of non-essential AA (NEAA).  Endogenous 

synthesis of NEAA may be of benefit when pigs are fed diets that supply insufficient amount of 

NEAA for supporting body protein deposition 

Urea-N is generally considered of lower nutritional value than ammonia, due to the lack 

of urease activity in animal tissues.  Only when urea-N is recycled into the upper gut and either 

used for microbial AA production or absorbed as ammonia-N and used in transamination 

reactions, urea-N may contribute to the animal’s nutritional status (Torra llardona et al., 2003; 

Columbus et al., 2012). 

Some studies have shown that absorption of intact AA occurs in the large intestine 

(Olszewski and Buraczewski, 1978) and that AA (methionine) transporters are present in the 

large intestinal mucosa (James and Smith, 1976).  However, these studies have either been done 

in new-born pigs (James and Smith, 1976), where the epithelium in the large intestine allows 

absorption of immunoglobulin, or when activity of microbes in the intestine has been reduced 

substantially through use of large amounts of antibiotics (Olszewski and Buraczewski, 1978).  

Only Gargallo and Zimmerman (1981) observed an improvement in N-retention by infusing 

casein into the terminal ileum of growing pigs, suggesting uptake of intact AA from the lower 

gut.  However in that study infused casein may have migrated to the upper gut, have been 

subjected to enzymatic digestion, and contributed to AA absorption in the upper gut. 
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Utilization of N absorbed by the large intestine has always been studied in conditions 

where intake of a specific essential AA (EAA) is deficient (e.g. Darragh et al., 1994).  In the 

present study, it was hypothesized that N absorbed from the lower gut is used for NEAA 

synthesis and increases body protein deposition in pigs fed a diet deficient in NEAA-N.  The 

main objective of this study was to evaluate the efficiency of using non-protein N (NPN) infused 

into the lower gut for whole body N retention in pigs fed a diet conditionally deficient in NEAA-

N.  Secondary objectives were to evaluate the effects of infusing N into the lower gut of pigs on 

urea kinetics and activity of key liver enzymes involved in N utilization. 

4.3. Materials and methods 

4.3.1. Animals and diets 

This experiment followed recommendations of the Canadian Council on Animal Care 

(1993) and met the approval of the University of Guelph Animal Care Committee.  Twelve 

Yorkshire barrows (9 pigs + 3 spares) with a body weight (BW) of 18.6 ± 0.9 kg at the beginning 

of the study were obtained from the Arkell Swine Research station at the University of Guelph 

(Arkell, ON).  All pigs were fitted with a simple T cannula in the caecum (de Lange et al., 1989).  

After the surgeries, the pigs were housed individually in floor pens with smooth siding and 

allowed a one-week recovery period.  Pigs had free access to water and were fed increasing 

amounts of a 19 % crude protein (CP) commercial pig starter diet.  After recovery, pigs were 

moved to metabolism crates for the separate collection of urine and feces (Möhn et al., 2000).  

They were fed at 2.8 times maintenance DE requirements (800 KJ per d and kg BW0.60; NRC, 

2012) in three equal meals at 830, 1230 and 1730 h.  Water was supplied only during feeding 
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time (water:feed 3:1) to avoid contamination of urine.  Two days before the start of the third 

(last) experimental period, two jugular-vein catheters were placed in each pig (de Lange et al., 

1989).  The three spare pigs were used as replacements of one and two pigs assigned in 1.5 and 

3.0 g of urea-N/d (described in section 4.3.2) during the last experimental period due to improper 

functioning of one of the jugular vein catheters in the other pigs. 

All pigs received the same cornstarch and casein-based diet limiting in NEAA-N (Table 

4.1).  Crystalline EAA were added to the diet to cover requirement for each of the EAA while CP 

was as 5.75 % (NRC, 1998, Table 4.2).  In this manner, the use of N from catabolizing EAA for 

endogenous synthesis of NEAA was minimized (Heger et al., 1998).  The ratio of NEAA-N to 

total N (EAA:TN) was kept high at 0.75 and above the estimated EAA:TN for optimal N 

retention of 0.48  (Heger, 2003).  Titanium dioxide (Sigma-Aldrich operation, St Louis, MO) 

was added as an indigestible marker for calculation of nutrient digestibility and fecal N excretion 

(Table 4.2).  

4.3.2. Treatments, sampling and sample analysis 

Starting 2 d after pigs were moved to the metabolic crates, a saline solution was infused 

intra-caecally at 0.4 ml/min for two days to adjust pigs to the infusion.  Saline and different urea 

(Fisher Scientific Company, Ottawa, ON) solutions were prepared, with the highest urea infusion 

rate sufficient to lower the total EAA:TN to 0.55 (mean infusion rate across periods 3.0 g urea-

N/d); the intermediate urea infusion rate was half of the highest rate (EAA:TN = 0.63, mean 

infusion rate across periods 1.5 g urea-N/d).  Urea concentration in the solutions was calculated 

based on an infusion rate of 0.4 ml/min and was adjusted for every experimental period to 



36 

 

achieve the targeted EAA:TN; the actual urea-N concentration in infusates varied between 2.57 

and 5.16 g/L.  During the second and third period, leakage from cannulas was tested using food 

coloring in the infusates.  The nine pigs (excluding spares) were assigned randomly to one of the 

three urea infusion rates based on two different (one repeated) 3 x 3 Latin Squares (Kuehl, 2000).  

Each experimental period lasted 9 d, 5 adaptation and 4 N-balance d.  At the end of each 

period, pigs were given at least 1 d of rest.  During N balance periods, urine was collected 

quantitatively in containers with 15 ml of concentrated sulphuric acid to keep pH below 2 and 

avoid ammonia losses.  Urine was weighed daily and for successful 24 h collections, 5 % 

subsamples were taken.  Subsamples were pooled per pig and period, and kept refrigerated at 4 

oC until analysis.  Fecal samples were collected every day and stored at -20 oC until the end of 

the experiment.  Fecal samples were freeze dried after pooling per pig and period.  Freeze dried 

fecal samples were allowed to normalize their moisture content, weighed and then dried at 103 ± 

2 ºC for 24 h for determining dry matter (DM) content (AOAC, 1997). Organic matter (OM) 

content was determined as the difference between dry and ash weight (AOAC, 1997).  Titanium 

dioxide concentration was analyzed according to Myers et al. (2004).  Samples were analyzed for 

N content using total combustion (Leco; AOAC, 1997) by Agri-Food Laboratories (Guelph, 

ON). 

For determining urea kinetics, pigs were infused continuously and intravenously a saline 

solution containing approximately 8.33 mM 15N15N-urea (purity + 98 %; Cambridge Isotope 

Laboratories. Inc., Tewksbury, MA) during the last N-balance period.  Infusates were analysed 

for urea concentration prior to infusion according to Talke and Schubert (1965) (Laboratory 

Services; University of Guelph, Guelph, ON).  The targeted infusion rate was 0.5 ml/min.  Eight 
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6 ml blood samples were taken within 20 min after the 830 feeding after the 4 d infusion period 

using heparinized vacutainers.  At the beginning and during blood sample collection, 15N15N-

urea infusion was stopped (Columbus et al., 2012).  Blood plasma was isolated by centrifugation 

at 2,500 x g for 20 min and stored at -20 ºC until further processing. 

At the end of the experiment and 1 h after the 1230 feeding, pigs were euthanized by 

lethal i.v. injection of sodium pentobarbital (0.3 ml/kg BW; Schering Canada, QC).  Livers were 

quickly isolated and liver samples were placed immediately in liquid N2.  Liver samples were 

stored at -80 ºC until further processing. 

Isotopic enrichment of urea in urine and plasma was analyzed by Metabolic Solution, Inc. 

(Nashua, NH) according to El-Khoury et al. (1994). In short, plasma (100 µL) was deproteinized 

with ethanol (400 µL).  Urine (100 µL) was neutralized using 3 M NaOH and deproteinized with 

ethanol (400 µL).  Plasma and urine containing samples were centrifuged for 10 minutes at 4,700 

x g (Surespin centrifuge, Helena Laboratories, Baumont, TX). The supernatants were evaporated 

to dryness using a speed-vacuum SPD1010 centrifuge dryer at 45 °C (ThermoSavant, Holbrook, 

NY).  The t-butyldimethylsilyl derivatives of urea were formed by adding 50 µL pyridine and 50 

µL N-Methyl-N-(tert-butyl-dimethylsilyl)-trifluoroacetamide (MTBSTFA), followed by 

incubation for 30 min at 90 °C. The isotopic enrichment of urea in plasma or urine samples was 

determined by gas chromatography–mass spectrometry analysis using electron ionization 

(Agilent 5975C EI/CI MSD with a Agilent 7890 GC; Agilent Technologies, Inc., Santa Clara, 

CA ) and a Phenomenex ZB-1MS capillary column (Phenomenex Inc., Torrance, CA). Selected 

ion chromatograms were obtained by monitoring ions m/z 231, 232 and 233 for 14N14N-urea, 
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15N14N-urea and 15N15N-urea, respectively.  Isotope enrichment was calculated from peak area 

ratios using a mixed enrichment calibration curve. 

4.3.3. Calculations for aspects of nitrogen utilization 

Fecal excretion of DM, OM and N, as well as whole body N retention were calculated 

according to Zhu et al. (2005).  Ileal N flow was estimated assuming 93.3 % ileal digestibility of 

the diet, based on ileal digestibility of 87 % for casein N (NRC, 2012) and 100 % digestibility of 

crystalline AA.  Lower gut N disappearance (g/d) was calculated as the difference between ileal 

N flow plus N infused and fecal N excretion.  Lower gut N disappearance was also calculated as 

a percentage of N supplied into the lower gut (ileal N flow plus N infused) and of N infused.  

These measures of lower gut N disappearance were also calculated as incremental values relative 

to the control.  For the urea infusion treatments, the marginal efficiency of using lower gut N 

disappearance for whole body protein deposition (N retention x 6.25) was calculated as the 

increase in N retention with urea infusion over and above the control divided by the increase in 

lower gut N disappearance over and above the control. 

Urea flux was determined as the ratio of 15N15N-urea infusion and 15N15N-urea 

enrichment in urine or plasma (Matthews and Downey, 1984).  Urea recycling was calculated as 

the difference between urea flux and urea excretion in urine (Jackson et al., 1993).  Urea 

recycling was analyzed using the enrichment of urea-N in both plasma and urine. 
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4.3.4. Enzyme activity 

The in-vitro activity of three enzymes involved in the incorporation of ammonia-N into 

urea (Carbamoyl-phosphate synthetase I, CPS-I) or the transamination to glutamate or glutamine 

(Glutamate dehydrogenase, GDH and Glutamine synthetase, Gln-S, respectively) in the liver 

were analyzed. 

Activity of CPS-I was determined according to a colorimetric procedure, based on 

appearance of hydroxyurea after conversion of carbamoyl phosphate by hydroxylamine, as 

described by (Pierson, 1980) with slight modifications.  In short, 100 mg of frozen liver samples 

were thawed at room temperature, homogenized in 2 ml of a prepared solution (triethanolamine 

hydrochloride 50 mM, ATP 10 mM, magnesium acetate 15 mM, dithiothreitol 1 mM; Sigma-

Aldrich , St Louis, MO).  Homogenized samples were centrifuged at 16,000 x g for 20 min and 

the resulting supernatant filtered through 13 mm Acrodisc Syringe Filters, (Pall, Life Sciences, 

Ville St. Laurent, QC).  The filtrates were kept on ice until assayed.  The reaction mix 

(ammonium bicarbonate 10 μmol, ATP 1 μmol, magnesium acetate 2 μmol, n-acetyl-L-

glutamate 1 μmol, dithiothreitol 0.2 μmol, triethanolamine hydrochloride 10 μmol; Sigma-

Aldrich, St Louis, MO) was prepared right before it was used and 0.1 ml  mixed with 0.1 ml of 

sample filtrate.  These mixtures were then incubated for 15 min in a water bath at 37 oC.  The 

reaction was then stopped by placing samples in ice-cold water, and 0.01 ml of a 2 M solution of 

hydroxyurea (Sigma-Aldrich, St Louis, MO) was added.  After mixing, samples were incubated 

in a 95 oC water bath for 10 min, and 0.8 ml of the chromogenic reagent (0.85 g of antipyrine in 

100 ml of 40 % H2SO4 and 0.625 g of diacetyl monoxime in 100 ml of 5 % acetic acid; mixed 

just before use) was then added.  Samples were incubated for another 15 min at 95 oC.  Samples 
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were vortexed and transferred to a 2 ml tube and centrifuged at 16,000 x g for 15 min.  

Absorbance of hydroxyurea in the resulting supernatants was determined at 458 nm.  A linear 

standard curve, based on crystalline carbamoyl phosphate converted to hydroxyurea was 

developed (0, 0.05, 0.1, 0.15, 0.2, 0.25 mM) and all sample readings were within this range.  

The GDH activity was measured using a commercial kit according to the manufacture r’s 

instructions (Biovision Inc., Milpitas, CA). The appearance of NADH was determined 

colorimetrically every five minutes during a 35 min reaction period.  Enzyme activity was 

calculated for a 15 min period; during this time absorbance increased linearly with time. 

The Gln-S activity was measured using a colorimetric procedure, based on appearance of 

γ-glutamyl-hydroxamate after reaction of glutamine with hydroxylamine, as described by (Minet 

et al., 1997) with slight modifications.  In short, 200 mg of liver samples were homogenized in 4 

ml of 50 mM imidazole (Sigma-Aldrich, St Louis, MO ) at pH 6.8.  Samples were centrifuged at 

4,500 x g for 15 min. The supernatant was isolated and kept on ice until assayed.  The reaction 

mixture [imidazole chloride (pH 6.8) 75 mM, L-glutamine 75 mM, hydroxylamine 37.5 mM, 

sodium arsenate 37.5 mM, manganese chloride 3 mM, ADP 0.24 mM] was prepared right before 

it was used, and 0.2 ml mixed with 0.025 ml of homogenate supernatant in a test tube.  These 

mixtures were incubated for 8 min in a water bath at 37 °C.  The reaction was stopped by placing 

samples in ice-cold water and adding 0.5 ml of a solution of 2.42 % FeCl3 and 1.45 % TCA in 

1.82 % HCl (Sigma-Aldrich, St Louis, MO).  Absorbance of these samples was read at 540 nm.  

A linear standard curve, based on crystalline γ-glutamyl-hydroxamate (Sigma-Aldrich, St Louis, 

MO), was developed (0, 113.8, 227.6, 341.4, 455.2, 569 mM) and all samples readings were 

within this range.   
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All enzyme activity data were standardized for protein concentration in the homogenate 

used for the assay.  Protein concentration was measured with a commercial kit (Bio-Rad protein 

assay kit, Hercules, CA).  Enzyme activity is reported as nmol/min/mg of protein.  For each 

sample, analyses were conducted in duplicate. 

4.3.5. Statistical analysis 

Data from the N-balance study were analyzed using PROC MIXED of SAS (v. 9.2; SAS 

Institute Inc., Cary, NC).  The effect of the previous treatment was not found significant and was 

not considered in the final analysis.  Treatment and period were included as fixed effects and pig 

was included as a random variable.  Differences between least square means were assessed using 

the Tukey test.   Urea kinetics and enzyme activity data were analyzed using PROC MIXED of 

SAS with treatment as the only source of variation.  For linear regression analysis, relating the 

various responses to urea-N infusion rates, PROC GLM of SAS was used.  In all analyses 

observations on animals within experimental periods were the experimental units.  Differences 

were considered significant at P < 0.05 and a trend when 0.05 < P < 0.10. 

4.4. Results 

All pigs recovered well from surgery.  They recovered their normal feed intake within 

one week and were accustomed to the experimental diet within 2 d after recovery. All animals 

were accustomed to human contact before moving them to the metabolism crates.  Pigs appeared 

to be healthy during the experiment and most consumed their feed allowance within 30 min after 

feeding, except for two pigs in the last experimental period.  All cannulas functioned properly 
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and leakage of the infusates from the cannulas was not detected.  Six observations from the N-

balance study (2, 3 and 1 from 0, 1.5 and 3.0 g/d urea–N treatments, respectively) were excluded 

due to incomplete urine collection, heavy feed or fecal contamination in urine or incomplete feed 

intake.  One observation from each treatment in the urea kinetics was excluded due to incomplete 

feed intake or, in one case, insufficient labelling of the body urea pool.  The latter was attributed 

to dislocation of the jugular infusion catheter.   

Initial and final BW were not different among treatments (18.6 ± 0.5 and 32.0 ± 0.8, 

repectively; P > 0.10, Table 4.3).  As expected, DM intake and N intake did not differ among 

treatments (P > 0.10).  The BW gain increased with urea-N infusion and was different between 

control and maximum urea infusion rate (P < 0.05).  Apparent faecal digestibility of DM and 

OM was higher for pigs on the highest urea infusion rate than those on the control (P < 0.05).  

Apparent faecal digestibility of dietary N was not different between treatments (P > 0.10).  Fecal 

and urinary N excretion did not differ among treatments (P > 0.10).  Whole body N retention 

increased with urea-N infusion (P < 0.05).   

Lower gut N disappearance increased with urea-N infusion (P < 0.001; Table 4.3).  This 

value was negative for the control treatment, implying that, instead of absorption, there was a net 

release of N into the lower gut.  The amount of N absorption over and above the saline control 

treatment and relative to the amount of N infused was not different between the two urea 

infusion rates (P > 0.10); these values were not different from 100 % (P > 0.10).  Finally, the 

marginal efficiency of using N absorbed from the lower gut for N retention did not differ (P > 

0.10) between the two urea infusion rates and these values were not different from 100 %  

(P > 0.10). 



43 

 

Steady state conditions in urea kinetics were confirmed by analyzing and comparing 

enrichment values from d 3 and 4 of the infusion period, which did not differ within treatments 

(data not shown; P > 0.10).  Total N, urea-N and ammonia-N excretion in urine were not 

different between treatments (P > 0.10, Table 4.4).  Plasma urea-N levels were not different 

between treatments (P > 0.10).  Urea flux was not altered by urea-N infusion rate (P > 0.10) and 

averaged 1.16 mmol/(kg BW·d) across all treatments.  Urea recycling was not affected by urea-N 

infusion rate (P > 0.10) and, as a proportion of urea flux, represented 69 % across all treatments.  

All urea kinetics calculation were made using the enrichment in either urine and plasma and 

values did not differ between these two approaches (P > 0.10). 

The CPS-I and GLN-S activities were not different between treatments (P > 0.10, Table 

4.5), while the GDH activity tended to increase with urea-N infusion rate (P = 0.06). 

4.5. Discussion 

The objectives of the present study were to assess the effect of infusing N into the lower 

gut on body protein deposition, urea kinetics, and activity of key enzymes involved in liver N 

metabolism in growing pigs fed a diet deficient in NEAA-N.  To achieve these objectives, 

varying amounts of urea were infused continuously through a simple T-cannula placed in the 

caecum, and a 15N15N-urea solution was infused continuously in a jugular vein of pigs during last 

experimental period.  At the end of the experiment liver samples were obtained for determined in 

vitro activity of selected liver enzymes. 

In the present study and based on fecal N excretion all N infused into the caecum was 

absorbed (Table 4.3).  Regardless the source of N (protein, AA or NPN), the lower gut seems to 
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have a great capacity for N absorption (Zebrowska, 1973, 1975; Just et al., 1981; Heine et al., 

1987; Darragh et al., 1994).  Columbus (2012) infused a much larger amount of N (11 g/d) as 

urea or casein into the lower gut of growing pigs and reported an increase in fecal N excretion of 

about 1.5 g/d, which seems to indicate a maximum lower gut N absorption capacity.  Nitrogen 

that reaches the lower gut appears to be absorbed primarily as ammonia, which is generated 

through microbial fermentation, rather than intact protein or AA (Wrong and Vince, 1984; Fuller 

and Reeds, 1998).  Some in vitro studies have proven absorption of intact AA by mucosal cells 

of the lower gut, but absorptive capacity was only demonstrated in vivo in new-born pigs; this 

capacity is decreased substantially at 4 d of age and almost non-existent after 10 d of age (James 

and Smith, 1976).  Others have reported AA absorption from the isolated caecum in growing 

pigs when enteric microbial activity was reduced by administering large amounts of antibiotics 

(Olszewski and Buraczewski, 1978).  These observations indicate that the controlled supply of 

infused urea into the lower gut is representative of increased N flow into the lower gut and 

increased N absorption. 

When calculating lower gut N absorption, or disappearance, this value was negative for 

pigs on the control treatment (Table 4.3).  This can be attributed to the high ileal digestibility of 

dietary N (NRC, 2012), resulting in a low ileal N flow, and net endogenous N losses into the 

lower gut.  Studies about net endogenous losses into the lower gut of pigs are scarce, primarily 

because of lack of interest in N utilization in the lower gut of pigs.  Moreover, it is 

experimentally difficult to quantify endogenous N losses into the lower gut, largely because of 

confounding of microbial fermentation and N utilization in the large intestine (Leibholz, 1982).  

Supplementation of fermentable sources of fiber increases microbial activity and increases 

(microbial) protein excretion in faeces; both non-digested dietary protein and endogenous protein 
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may serve as substrate for microbial protein fermentation and production (Wrong and Vince, 

1984; Libao-Mercado, 2007).  Stephen and Cummings (1980) concluded that at least 60 % of N 

in faeces is from microbial origin.  In the present experiment, fermentable fiber intake was rather 

low, constant across treatments, and urea infused in the large intestine appears hydrolyzed during 

microbial fermentations and the resulting ammonia absorbed in the lower gut (Karasawa and 

Nakata, 1986).  

In the present experiment, there was no treatment effect on urinary N excretion, which 

implies that all N absorbed was retained in the body.  These results contrast with Zebrowska,  

(1973, 1975), Mosenthin et al. (1992), Columbus et al. (2012), who showed that more than  

75 % of the N infused into the lower gut was excreted in urine, mainly as urea.  However, these 

experimental diets were deficient in a specific EAA; therefore, any potential improvement in N 

retention was attributed to either EAA absorption by the lower gut, which has been shown to be 

minimal (Darragh et al., 1994) or increased urea recycling and associated productio n and 

absorption of microbially-synthesised AA in the upper gut.  The efficiency of capturing N 

absorbed by the lower gut for microbial production of EAA in the upper gut and subsequent 

incorporation into body protein has been shown to be 20 % or less and highest when pigs are fed 

valine limiting diets (Metges, 2000; Libao-Mercado, 2007; Columbus et al., 2012). 

As anticipated, pigs on control and with saline infusion had the lowest N retention and 

BW gain as they were fed diets deficient in NEAA-N.  Based on a NEAA-N content of 46 % in 

whole body N retention (NRC, 2012), the calculated rate of NEAA-N retention (2.62 g/d) was 

higher than NEAA-N intake (2.03 g/d) for pigs on the control treatment.  This indicates that 
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some of the NEAA-N retained in these pigs was derived from the catabolism of EAA supplied in 

the diet, lowering the efficiency of using EAA intake for whole body N retention.  

Whole body N retention, and therefore body protein deposition, was increased with the 

amount of urea infused into the caecum (Table 4.3 and Figure 4.1), which is further supported 

with increased BW gain (Table 4.3 and Figure 4.2).  This provides direct evidence that NPN (as 

ammonia) absorbed by the lower gut was used for the synthesis of NEAA.  As diets were 

formulated to be deficient in NEAA-N, any increase in N retention must be the result of either 

increased endogenous NEAA synthesis, primarily in the liver, or increased absorption of 

microbially produced NEAA in the upper gut.  However, the latter has little impact on N 

retention given the small amount of urea recycling into the gut (Table 4.4).  Most of the 

experiments in which different sources of N were infused into the lower gut have shown that a 

great proportion of infused N is absorbed, incorporated in urea, and mainly excreted in urine,  

being of no use for protein deposition (Zebrowska, 1973, 1975; Just et al., 1981; Krawielitzki et 

al., 1990; Darragh et al., 1994).  In these experiments, however, pigs were fed diets deficient in a 

specific EAA and there was no real need for, or benefit of, increased net NEAA synthesis.  In the 

current experiment, the need for NEAA to improve protein deposition was clear and, 

consequently, most of the NPN absorbed was incorporated into NEAA rather than excreted. 

The use of absorbed ammonia for synthesis of NEAA is in agreement with low urinary N 

excretion across treatments and lack of treatment effect on urinary N excretion (Table 4.4).  

Typically urea-N represents more than 70 % of the N content in urine (Liu et al., 1955; Darragh 

et al., 1994).  In the current study urea and ammonia represent only about 6 and 24 % (mean 

across treatments) of urinary N excretion, respectively.  The low rate of urinary urea excretion is 
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consistent with the high efficiency of dietary N utilization (Brown and Cline, 1974).  Also, high 

ratios of ammonia to urea in urine are observed in animals with metabolic acidosis (Pitts, 1972; 

Goldstein, 1980; Kaiser et al., 1988; Haüssinger, 1989; van de Poll et al., 2004), where urea 

production is decreased to preserve HCO3
-
 (Atkinson and Bourke, 1987), and ammonia excretion 

is enhanced to excrete H+ (McCorquodale, 1992).  In the present study, a relatively large 

proportion of urinary N is present in compounds other than ammonia and urea, about 70 % 

across all treatments.  This can be attributed to the low rate of urinary N excretion.  In the present 

experiment the excretion of N-containing compounds other than ammonia and urea was 1.92 g/d 

of N (mean across treatments), which is less than 4.05 g/d reported by Liu et al. (1955). 

Rose et al. (1949) evaluated different dietary N sources in rat growth performance studies 

and also showed that NPN can be efficiently used to improve BW gain when feeding diets that 

are deficient in NEAA.  In that study, feeding ammonia improved performance more effectively 

than urea, which supports the idea that urea needs to be hydrolyzed by microbes in the gut to 

make urea-N available for the host (Evans et al., 1966; Wilson et al., 1968; Deguchi et al., 

1978ab).  

Urea flux and plasma urea concentrations can be considered low in all treatments (Table 

4.4; Thacker et al., 1982; Mosenthin et al., 1992; Columbus et al., 2012).  This can be explained 

by the low CP content in the diet and the high efficiency of using dietary plus infused N for 

whole body N retention. The latter is consistent with the observed low rates of urinary N and 

urinary urea excretion and can be attributed to the efficient use of absorbed ammonia-N and N 

derived from catabolism of EAA for the endogenous synthesis of NEAA.  Based on increased 

whole body N retention, the catabolism of EAA for the synthesis of NEAA was decreased with 
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urea-N infusion.  It can be concluded that the preferred N source for the synthesis of NEAA is 

ammonia absorbed from the lower gut when pigs are fed diets deficient in NEAA-N.  In general, 

EAA catabolism is likely decreased with increased availability of alternative sources of N that 

can be used for the synthesis of NEAA, improving efficiency of utilization of EAA and, 

therefore, with little impact on urea flux of pigs fed diets deficient in NEAA-N.   

Although urea pool size was not measured in this study, the low urea production and the 

rather high level of the 15N enrichment imply that urea pool was small in pigs on all treatments 

(Table 4.4).  Isotopes are used as tracers in metabolic pathway, and the usage level is expected to 

be low enough to not alter utilization of the metabolite in question.  In the present experiment, it 

was not expected that 15N15N-urea infusion would represent more than 15 % of urea flux and, 

therefore, it may have altered urea metabolism.  However, the contribution of 15N15N-urea 

infusion to urea flux was similar across treatment.  Moreover, urea kinetics were similar when 

calculated based on either plasma or urinary urea enrichments.  These observations support the 

conclusion that infusion of urea into the lower gut does not increase urea flux in pigs fed diets 

deficient in NEAA.   

Urea recycling was not altered by urea-N infused in the lower gut, although it represents 

69 % of urea flux across all treatments.  This value is higher than those reported in urea kinetic 

studies in pigs (Mosenthin et al., 1992; Thacker et al., 1982) and in humans (Jackson et al., 1984; 

Hibbert et al., 1992; Jackson et al., 1993) when protein intakes where at more typical levels and 

higher than in the current study.  In contrast, this high urea recycling level is in agreement with 

Harmeyer and Martens (1980).  In the review paper by Harmeyer and Martens (1980), combined 

data from ruminant experiments (goats, sheep and cattle) and showed that when protein intake is 



49 

 

decreased, urea recycling, as a proportion of urea entry rate, is increased up to 90 % when CP in 

diet is less than 4 % (Figure 2.3).  Studies in humans have also shown that although the absolute 

amount of urea recycled decreases, the proportion is increased when N intake is reduced (Picou 

and Phillips, 1972).  The observed high rate, expressed as a fraction of flux, of urea recycling 

can, therefore, be attributed largely to the low dietary protein intake.   

Carbamoyl phosphate synthase-I is involved in the first step in the urea cycle (Meijer et 

al., 1990; Figure 2.2).  In the current study, CPS-I activity was not influenced by urea infusion 

into the lower gut, which is consistent with the lack of treatment effects on urea flux and urinary 

urea excretion.  Studies have shown a high correlation of CPS-I activity with urea production in 

the liver as well with other enzymes in the urea cycle in rats (Schimke, 1962; Das and Waterlow, 

1974).   

The incorporation of ammonia-N into glutamate for subsequent transamination among 

NEAA in pigs is catalysed by GDH (Lieberman and Marks, 2009; Brosnan and Brosnan, 2009; 

Bender, 2012), while Gln-S is involved in the transfer of ammonia-N to glutamate, producing 

glutamine (Krebs, 1935).  The main role of the synthesis of glutamine in the liver is the transport 

of ammonia-N in a non-toxic form to the kidney for its subsequent excretion in urine 

(Haüssinger, 1986).  In the present study, GDH activity tended to increase with increasing 

amounts of urea infused.  This trend is in agreement with the fact that glutamate concentration in 

the liver of rats is augmented when including 15 % ammonium acetate in the diet (Semon et al., 

1989).  Interestingly, when 15N ammonia was given orally or intravenous, the patterns of 15N 

incorporation into glutamine were different (Patterson et al., 1995).  When given orally, and 

therefore passing through the liver first, 15N was incorporated in both the amino and amide N 
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position of glutamine, which reflects activity of GDH and Gln-S in the liver.  However when 

given by intravenous infusion, 15N was incorporated almost exclusively into the amide N 

position of glutamine, which may reflect the activity of Gln-S in the brain and kidneys to avoid 

ammonia intoxication.  Bonarius et al. (1998) showed in vitro that mammalian cells increase 

production of glutamate from ammonia and α-ketoglutarate when ammonia was increased in the 

medium.  The amino-N from this glutamate was incorporated into alanine by alanine amino-

transferase and aspartate by aspartate amino-transferase, representing 45 and 37 % of the extra 

glutamate produced, respectively.  This pathway, involving GDH, represents the first step of 

using ammonia-N for transamination among AA and synthesis of NEAA, and supports increased 

endogenous synthesis of NEAA with increasing urea infusion rate. 

In the present study, Gln-S activity was not different between treatments.  This result may 

be due to the limited number of observations per treatments.  According to (Berndtson, 1991) the 

minimum number of observations to find a significant difference in GDH and Gln-S activity 

among treatments should be 6 and 8 observation per treatment, respectively.  However, the lack 

of treatment effects on Gln-S activity is consistent with the use of amino-N for transamination 

among AA and endogenous synthesis of NEAA when urea was infused into the lower gut.  

Metabolic pathways involved in capturing ammonia-N for endogenous synthesis of NEAA 

warrant further research.    

4.6. Conclusions and implications 

Nitrogen absorbed from the lower gut, likely in the form of ammonia, is mainly used for 

the endogenous synthesis of NEAA and therefore increasing N retention in pigs fed a diet 
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deficient in NEAA-N.  In agreement with the latter, GDH activity in the liver, the main enzyme 

involved in the incorporation of ammonia-N into NEAA, tended to increase with urea infusion 

into the lower gut.  Urea infusion in the lower gut did not affect urea flux or urea recycling.  

These observations provide evidence that N absorbed by the lower gut should be considered in 

the formulation of low N diets for pigs.  Dietary crude protein or the NEAA-N level should be 

considered with diets supplemented with large amounts of crystalline AA.  Further research 

about the efficiency of using NPN for body protein deposition and its inclusion in commercial 

pig diets is warranted.   
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Table 4.1  Ingredient composition of the experimental diet deficient in NEAA-N. 

 

Ingredient Content 

Cornstarch, % 64.25 

Cellulose, % 6.0 

Sucrose, % 15.0 

Soya oil, % 4.0 

Casein, % 2.5 

Lysine-HCl, % 0.730 

Methionine, % 0.155 

Cysteine, % 0.200 

Threonine, % 0.386 

Tryptophan, % 0.110 

Isoleucine, % 0.301 

Leucine, % 0.544 

Histidine, % 0.169 

Phenylalanine, % 0.376 

Valine, % 0.376 

Arginine, % 0.222 

Tyrosine, % 0.102 

Limestone, % 0.660 

Salt, % 0.34 

Monocalcium phosphate, % 2.21 

Potassium sulphate, % 0.54 

Magnesium sulphate, % 0.13 

Swine vitamin and mineral premix1, % 0.60 

Titanium dioxide 0.1 

 

  



53 

 

1Supplied per kg of complete diet: vitamin A, 10,000 IU as retinyl acetate (2.5 mg) and 
retinylpalmitate (1.7 mg); vitamin D3, 1,000 IU as cholecalciferol; vitamin E, 56 IU as dl-α-

tocopherol acetate (44 mg); vitamin K, 2.5 mg as menadione; choline, 500 mg; pantothenic acid, 
15 mg; riboflavin, 5 mg; folic acid, 2 mg; niacin, 25 mg; thiamine, 1.5 mg; vitamin B6, 1.5 mg; 

biotin, 0.2 mg; vitamin B12, 0.025 mg; Se, 0.3 mg from Na2SeO3; Cu, 15 mg from 
CuSO4.5H2O; Zn, 104 mg from ZnO; Fe, 100 mg from FeSO4; Mn, 19 mg from MnO2; and I, 
0.3 mg from KI (DSM Nutritional Products Canada Inc., Ayr, ON) 
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Table 4.2   Calculated and analyzed nutrient content (adjusted to 90 % DM) of the experimental 
diet deficient in NEAA-N. 

Calculated nutrient content Calculated1 Analyzed 

CP, % 5.75 5.96 

ME, kcal/Kg 3483  

NE, kcal/Kg 2622  

SID2 Lys, % 0.742  

Total Lys 0.747 0.746 

Total Met, % 0.216 0.213 

Total Met+Cys, % 0.366 0.429 

Total Thr, % 0.476 0.462 

Total Trp, % 0.142 0.114 

Total Ile, %  0.410 0.420 

Total leu, % 0.745 0.767 

Total Val, % 0.517 0.526 

Total His, % 0.232 0.235 

Total Phe, % 0.484 0.481 

Total Phe+Tyr, % 0.707  

Total Arg, % 0.298 0.294 

Ca, % 0.615 0.69 

P, % 0.492 0.38 
 

1 According to NRC (2012) 
2 Standardized ileal digestible. 
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Table 4.3 Mean BW, BW gain, feed intake and aspects of N utilization in pigs fed a diet 
deficient in NEAA-N and infused with saline or 1.5 and 3.0 g urea-N/d into the 

caecum1. 

 Urea-N infusion, g/d P-value  

 
0.0  

(control) 

(n = 7) 

1.5 
(n = 6) 

3.0 
(n = 8) 

Treatment 

Simple 

linear 

regression
2
 

Total N infused, g/d -- 1.49 ±0.05
a
 3.02 ±0.04

b
 < 0.001 -- 

Initial BW, kg 18.8 ±0.4 18.7 ±0.7 18.4 ±0.5 -- -- 

Final BW, kg 32.1 ±0.7 31.7 ±0.7 32.3 ±1.0 -- -- 

DM intake, g/d 922 ±6 906 ±6 914 ±6 0.131 0.529 

N intake, g/d 8.79 ±0.05 8.65 ±0.06 8.72 ±0.05 0.128 0.526 

N infused, % dietary N intake -- 17.1 ±0.4
a
 34.7 ±0.4

b
 < 0.001 -- 

Body weight gain, g/d 267 ±16
a
 314 ±17

ab
 360 ±15

b
 0.015 0.005 

  Relative to control, g/d -- + 47 ±17 + 93 ±15 0.015 -- 

Apparent faecal DM digestibility, % 92.6 ±0.5
a
 92.7 ±0.5

ab
 93.8 ±0.5

b
 0.020 0.174 

Apparent faecal OM digestibility, % 93.9 ±0.5
a
 94.0 ±0.5

ab
 94.9 ±0.5

b
 0.043 0.252 

Apparent faecal N digestibility, % 82.4 ±1.3 82.0 ±1.4 84.7 ±1.2 0.295 0.295 

Fecal DM excretion, g/d 67.7 ±4.7
a
 66.4 ±4.8

ab
 56.2 ±4.6

b
 0.013 0.111 

Fecal OM excretion, g/d 54.07 ±4.3
a
 52.20 ±4.4

ab
 44.49 ±4.2

b
 0.032 0.153 

Fecal N excretion, g/d 1.54 ±0.11 1.57 ±0.12 1.33 ±0.10 0.248 0.204 

Urinary N excretion, g/d 2.38 ±0.20 2.21 ±0.22 2.63 ±0.19 0.389 0.452 

Whole body N retention, g/d 4.86 ±0.2
a 

6.40 ±0.21
b
 7.75 ±0.19

c
 < 0.001 < 0.001 

  Relative to control, g/d -- + 1.54 ±0.21
a
 + 2.89 ±0.19

b
 < 0.001 -- 

Body protein deposition, g/d 30.4 ±1.25
a
 40.0 ±1.34

b
 48.3 ±1.17

b
 < 0.001 < 0.001 

  Relative to control, g/d -- + 9.63 ±1.34
a
 + 17.96 ±1.17

a
 < 0.001 -- 

Estimated ileal N flow, g/d
3
 0.59 ±0.01 0.59 ±0.01 0.59 ±0.01 0.639 -- 

Lower gut N disappearance, g/d
4
 -0.96 ±0.11

a
 0.50 ±0.11

b
 2.26 ±0.10

c
 < 0.001 < 0.001 

  Relative to control, g/d -- + 1.45 ±0.1
a
 + 3.22 ±0.10

b
 < 0.001 -- 

  % of N entering into the lower gut  
  (ileal flow + infused urea) 

-162.1 ±11.6
a
 20.8 ±12.4

b
 65.6 ±10.8

b
 < 0.001 < 0.001 

  % of N infused, relative to control -- 98.7 ±5.9 106.3 ±5.2 0.326 -- 

Marginal efficiency of N absorption 
for N retention

5 -- 104.1 ±9.7 87.4 ±7.9 0.202 -- 
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1 Values are least square means ± standard error. 
2 Linear regression of the different responses compare to the amount urea-N infused. 
3 Calculated based on an ileal N digestibility of 93.3 % (NRC, 2012). 
4 Calculated as: lower gut N disappearance = (ileal N flow + N infusion) – fecal N flow. 
5 Calculated as: (Increase in N retention vs. control/Increase N disappearance in the lower gut vs. 
control) × 100. 
a,b,c Values (least square means ± standard error) in the same row followed by different 

superscripts differ significantly (P < 0.05).   
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Table 4.4 Urea kinetics based on either enrichment in urine or plasma in pigs fed a diet 
deficient in NEAA-N and infused with saline or 1.5 and 3.0 g urea-N/d into the 

caecum. 

 Urea-N infusion, g/d 

SEM P-value2 

 
0.0 

(n = 2) 

1.5 

(n = 2) 

3.0 

(n = 2) 

Mean BW, kg 32.5 31.5 32.0 0.469 0.429 

N intake, mmol/(kg BW·d) 21.1 21.1 20.7 0.19 0.372 

N infused,  mmol/(kg BW·d) -- 3.63a 7.13b 0.09 0.001 

Labeled urea infused into blood, 
mmol/(kg BW·d) 

0.191a 0.171b 0.172b 0.003 0.019 

N excretion in urine, mmol/(kg BW·d) 5.84 6.26 6.19 0.48 0.808 

Urea N excretion in urine, mmol/(kg 

BW·d) 
0.322 0.391 0.357 0.063 0.764 

Urea-N of total N excreted, % 5.53 6.23 5.99 1.32 0.931 

Ammonia-N excretion in urine, 

mmol/(kg BW·d) 
1.24 1.70 1.39 0.129 0.171 

Ammonia-N of total N excreted, % 21.2 27.2 22.9 2.84 0.421 

Plasma urea N, mM 0.2 0.3 0.2 0.06 0.465 

 

Measurements based on urine 
     

  15N urea enrichment urine3, % 33.1 31.1 28.7 2.03 0.423 

  Urea N flux, mmol/(kg BW·d) 1.16 1.10 1.21 0.10 0.758 

  Urea N recycling, mmol/(kg BW·d) 0.839 0.713 0.852 0.144 0.770 

  Urea recycling, % of urea flux 72.2 64.6 69.1 7.02 0.763 

 

Measurements based on blood 
     

  15N urea enrichment plasma3, % 33.4 28.7 27.6 1.29 0.097 

  Urea N flux, mmol/(kg BW·d) 1.15 1.19 1.25 0.066 0.610 

  Urea N recycling, mmol/(kg BW·d) 0.826 0.802 0.891 0.107 0.840 

  Urea recycling, % of urea flux 71.9 67.3 70.8 5.82 0.850 

1 Values are least square means. 
2 Main effect of treatments. 
3 Mole percent excess.  
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Table 4.5 In vitro CPS I, GDH and GLN-S activity in liver in pig fed a diet limiting in NEAAA-
N and infused saline or 1.5 and 3.0 g urea-N/d in the caecum1. 

 Urea-N infusion, g/d 

SEM 

P-value 

 
0 

(n = 3) 

1.5 

(n = 3) 

3.0 

(n = 3) 
Treatment 

Simple 

linear 

regression2 

CPS-I, nmol/(min·mg protein) 2.07 2.61 2.30 0.62 0.830 0.793 

GDH, nmol/(min·mg protein) 39.8 53.6 56.3 5.2 0.132 0.057 

Gln-S, nmol/(min·mg protein) 190 245 213 19 0.201 0.480 

1 Values are least square means. 
2 Linear regression of the different responses compare to the amount urea-N infused.  
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Figure 4.1  Relationship between whole body N retention and the amount of urea-N infused in 
the caecum of pigs fed a diet deficient in non-essential N. Data points represent 

individual observations. 
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Figure 4.2  Relationship between BW gain and the amount of urea-N infused in the caecum of 
pigs fed a diet deficient in NEAA-N. Data points represent individual 

observations. 
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5. FEEDING AMMONIUM SALTS IMPROVES FEED EFFICIENCY OF GROWING 

PIGS FED A DIET DEFICIENT IN NON-ESSENTIAL AMINO ACID NITROGEN. 

5.1. Abstract 

In pig diets, the balance between essential amino acids (EAA) and total nitrogen (N) 

should be considered, especially when large amounts of crystalline EAA are supplied in the diet 

and dietary N levels are decreased.  When lowering dietary N, the dietary supply of non-essential 

amino acids (NEAA) is reduced and the need of N for endogenous synthesis of NEAA to support 

protein synthesis may be increased, requiring N from either catabolism of EAA a nd NEAA that 

are supplied in excess of requirements or from non-protein nitrogen (NPN).  As shown in the 

previous chapter and other studies, NPN absorbed by the lower gut  can be used for improving 

protein synthesis.  The objective of the present study was to determine the effect of 

supplementation of NPN, in the form of ammonium salts, to diets deficient in NEAA-N on 

growth performance of pigs.  In total 48 gilts with an initial body weight (BW) of 15.2 ± 1.3 kg 

were randomly assigned to 4 diets: (1) positive control (Pos Ctrl), not deficient in EAA and 

NEAA-N and all N supplied from intact protein (casein and soybean meal, SBM) or EAA, (2) 

negative control (Neg Ctrl), supplying the same amount of potentially limiting EAA as Pos Ctrl, 

but deficient in NEAA-N, (3) Neg Ctrl with 3 g/kg added ammonium (Low NPN), and  (4) Neg 

Ctrl with 6 g/kg added ammonium (High NPN), containing the same amount of digestible N as 

Pos Ctrl.  Pigs were grouped in 2 pigs per pen with 6 pens per treatment.  BW gain and feed 

intake were monitored weekly during a 3 week period, and blood samples were taken on day 14 

and 21 to determine plasma urea concentration.  Week 1 yielded rather poor growth performance 

and was considered a week of adaptation.  During weeks 2 & 3, BW gain was not affected by 
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NPN supplementation (P > 0.10); while feed intake (including feed wastage) tended to decrease 

with increasing supplementation of ammonium salts (P < 0.10).  Feed efficiency, improved 

linearly with supplementation of NPN in diets (P < 0.05; 0.45, 0.47 and 0.51 for Neg Ctrl, Low 

and high NPN, respectively, during weeks 2 & 3).  Feed efficiency for High NPN was similar to 

that for Pos Crtl (P > 0.10: 0.51 and 0.52 for High NPN and Pos Ctrl, respectively, during week 

2 & 3).  Plasma urea concentration was low and not different between diets (P > 0.10).  This data 

shows that dietary supplementation with NPN can improve growth performance when pigs are 

fed diets deficient in NEAA-N. 

Key words:  ammonium citrate, ammonium phosphate, feed efficiency, non-essential 

amino acids, non-protein nitrogen, pigs. 

5.2. Introduction 

The pig’s requirements for essential amino acids (EAA) has been reasonably well 

defined, but there has been little emphasis on the dietary need for nitrogen (N) to reflect intake of 

non-essential amino acids (NEAA) or to support potential endogenous synthesis of NEAA 

(NRC, 2012).  As shown by Stucki and Harper (1962), Giordano (1963), Sugahara and Ariyoshi 

(1968), Herger et al. (1998) and Gotterbarm et al. (1998) body protein deposition and growth 

performance in non-ruminants animals can be compromised when the dietary balance between 

EAA-N and total N (EAA:TN) is increased.  The latter is of practical relevance when large 

amounts of crystalline EAA are supplied in the diet and dietary N levels are decreased. 

When lowering dietary N, the dietary supply of NEAA is reduced and the need for 

endogenous synthesis of NEAA to support protein synthesis may be increased.  The endogenous 
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synthesis of NEAA requires N from either catabolism of EAA and NEAA that are supplied in 

excess of requirements or from non-protein nitrogen (NPN). 

The benefit of supplementation of diets for ruminant animals with urea as a low-cost 

source of NPN is well documented (Raleigh and Wallace, 1965; Chulapa, 1968; Hunter and 

Vercoe, 1984; Huntington and Archibeque, 1999).  However, the inclusion of urea in diets of 

non-ruminant animals has generally been of limited benefit and often reduced animal 

productivity (Grimson and Bowland, 1971; Kornegay, 1972).  Reductions in performance of 

non-ruminant animals have been observed when replacing intact protein in diets limiting in EAA 

with urea (Kornegay et al., 1965; Chiba et al., 1995).  Other studies have shown that urea-N is 

only available to the host when urea is hydrolyzed by the enteric microflora before absorption 

(Deguchi et al., 1978a).  Therefore ammonium salts may be a better source of NPN than urea 

(Liu et al., 1955; Rose and Dekker, 1956). 

The objective of the present study was to determine the effect of supplementing NPN, in 

the form of ammonium salts, to diets deficient in NEAA-N on growth performance of pigs.  It 

was hypothesized that for pigs fed a diet deficient in NEAA-N, feeding available NPN from 

ammonium salts is just as effective as feeding available N from intact protein for improving 

growth performance. 
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5.3. Materials and methods 

5.3.1. Animals, housing and diets 

The present study followed recommendations of the Canadian Council on Animal Care 

(1993) and met the approval of the University of Guelph Animal Care Committee.  A total of 48 

Yorkshire gilts, weighing 15.2 ± 1.3 kg and approximately 5 weeks of age at the beginning of the 

study, were selected at the Arkell Swine Research Station at the University of Guelph (Arkell, 

ON).  Pigs were weaned at approximately 24 days of age, placed in pens of 25 pigs each, and fed 

ad libitum common commercial Phase I and Phase II pelleted pig starter diets prior to the 

beginning of the study.  Once selected for the study, two pigs were placed into each pen in two 

similar environmentally controlled rooms (22 °C) with 12 pens per room.  Pens were 148 cm × 

107 cm, contained fully slatted, tenderfoot floors and were fit with ad libitum feeders and water 

nipples.pigs were assigned to pens and treatments at random, but balanced for similar initial BW 

across treatments and littermates were assigned to different treatments.  Within each of the two 

rooms, three pens of pigs were randomly assigned to one of four dietary treatments: a positive 

control (Pos Ctrl), a negative control (Neg Ctrl) and two levels of added ammonium salts (Low 

and High NPN, respectively).   

The four cornstarch and soybean meal (SBM)-based diets (Table 5.1) were formulated to 

cover requirements for all EAA (NRC, 2012).  The ratio of each EAA to lysine was calculated, 

and whenever the ratio was lower than that suggested by NRC (1998) the latter was considered 

(Table 5.2).  Pos Ctrl was calculated to be only marginally deficient in NEAA-N and all N 

supplied was from intact protein (SBM and casein) or crystalline EAA.  This diet EAA:TN was 
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0.45 and lower than the ratio of 0.48 suggested by Heger et al. (1998).  Neg Ctrl was deficient in 

NEAA-N but supplied the same amount of potentially limiting EAA as Pos Ctrl.  The dietary 

inclusion level of SBM was calculated to meet requirements of arginine (NRC, 2012) and 

requirements for the other EAA were covered by adding crystalline EAA.  Low and High NPN 

represented the Neg Ctrl supplemented with 3 or 6 g/kg of ammonium salts, respectively.  At the 

highest inclusion of ammonium salts (High NPN) the supply of standardized ileal digestible N 

was calculated to be identical to Pos Ctrl.  In High NPN, di-ammonium phosphate (Fisher 

Scientific Company, Ottawa, ON) was included until the requirement for standardized total tract 

digestible (STTD) phosphorus was met (NRC, 2012) and di-ammonium citrate (Fisher Scientific 

Company, Ottawa, ON) was included to achieve the targeted SID N content.  Low NPN had half 

the inclusion levels for both ammonium salts.  Monocalcium phosphate and limestone contents 

were modified to achieve similar levels of total calcium and STTD phosphorus across treatments 

(Table 5.1 and 5.2).  Diets were fed in meal form. 

5.3.2. Observations and analysis 

Body weight (BW) of individual pigs and per pen and feed intake (including wastage) 

were monitored at weekly intervals during a three-week period.   

Animals were not provided access to feed during 6 h immediately prior to weekly 

weighing and blood sampling at d 14 and 21.  Blood samples were taken from the medial retro-

orbital sinus of immobilized pigs using a 16 G 1½’ needle.  Individual pig blood was collected in 

heparinized 6 ml vacutainers and kept on ice until further processing.  Blood samples were 

centrifuged at 2,500 x g for 20 min and plasma was harvested and stored at -20 °C until further 
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analysis.  Plasma urea concentration was measured by a commercial kit (Sigma-Aldrich, St 

Louis, MO).   

Data were analyzed using PROC MIXED of SAS (v. 9.2; SAS Institute Inc., Cary, NC).  

Dietary treatment was included as a fixed effect and pen was considered the experimental unit.  

Data were analysed per week and for week 2 and 3 combined (week 2 & 3).  Linear regression 

analyses, relating the various responses to ammonium content in diet, were conducted using 

PROC GLM of SAS.  Contrast analysis with PROC MIXED of SAS was used to compare both 

Neg Ctrl and High NPN with Pos Ctrl.  Differences were considered significant at P < 0.05 and a 

trend when 0.05 < P < 0.10. 

5.4. Results 

During the experiment, all pigs appeared to be healthy and no abnormal behaviour was 

observed.  Neither initial nor final BW were different among treatments (P > 0.10, 15.2 ± 0.6 and 

26.8 ± 0.9 kg overall mean for initial and final BW, respectively).  Based on analyzed dietary 

nutrient contents, diets were prepared with reasonable accuracy. 

During the first week, BW gain, feed intake and feed efficiency were rather poor, relative 

to NRC (2012), poorer than during week 2 and 3, and not different among treatments (P > 0.10; 

Table 5.3).  Week 1 was considered, therefore, a week of adaptation to dietary treatments, and 

performance data were considered for week 2, week 3, as well as week 2 & 3.   

Body weight gain was similar among diets (P > 0.10; overall mean 0.63, 0.67 and 0.65 

kg/d for week 2, 3 and 2 & 3, respectively).  The main effect of dietary treatment on feed intake 
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was not significant (P > 0.10; overall mean 1.26, 1.39 and 1.33 kg/d for week 2, 3, and 2 & 3, 

respectively).  There were, however, trends (P < 0.10) towards decreases in feed intake with 

increasing supplementation of ammonium salts in the diets during week 2 and 2 & 3.   Moreover, 

feed intake was lower for Pos Ctrl than Neg Ctrl in week 2 (P < 0.05)  

Feed efficiency was influenced by dietary treatments during week 2 and week 2 & 3 (P < 

0.05; Table 1.3).  Feed efficiency increased with increasing level of ammonium salts (P < 0.05; 

week 2 and 2 & 3,Figure 5.1).  Feed efficiency during week 2 and week 2 & 3 was higher for Pos 

than Neg Ctrl (P < 0.05), but feed efficiency was similar for Pos Ctrl and High NPN  

(P > 0.10). 

Plasma urea concentration was low and not different among treatments (P > 0.10). 

5.5. Discussion 

The objective of the present study was to explore the effect of adding NPN, in the form of 

ammonium salts, to diets deficient in NEAA-N on growth performance of pigs.  To achieve this 

objective, varying amounts of ammonium phosphate and ammonium citrate were added to a diet 

deficient in NEAA-N that met requirements for EAA.  As a positive control a diet was used that 

met requirements for EAA, was only marginally deficient in NEAA-N or total N, and where   all 

N was supplied in the form of protein or AA.   

In the present experiment, ammonium salts were used, rather than urea, as a source of 

bioavailable NPN.  It has been shown previously that ammonia-N is used more efficiently than 

urea-N in post-absorptive N metabolism in non-ruminant and humans (Rose et al., 1949; Lardy 



68 

 

and Feldott, 1950; Liu et al., 1955; Rose and Dekker, 1956; Giordano, 1963; Deguchi et al., 

1978ab; Stein, et al., 1986, Metges et al. 1999).  For example, Deguchi et al. (1978ab) showed 

that the 15N enrichment in different organs in specific-pathogen-free piglets fed 15N-ammonia 

was higher compared to piglets fed 15N15N-urea, while this difference was even larger in germ-

free piglets (i.e. enrichment for germ-free piglets fed 15N15N-urea was not detectable).  Metges et 

al. (1999) reported that the 15N enrichment in plasma AA of men given 15N-ammonia orally was 

higher than men given 15N15N-urea orally.  These data suggest that urea, when administered 

orally, has to be hydrolyzed to ammonia by the microbiota in the gastrointestinal tract before 

absorption for the host to be able to use urea-N.  Not all urea is hydrolysed before potential 

absorption, decreasing urea-N utilization (Hibbert et al., 1992). 

The studies by Rose and Dekker (1956), Deguchi et al., (1978ab) and Metges et al. 

(1999) show that incorporation of NPN, either urea or ammonia, into AA occurs.  However, it 

does not provide evidence that feeding NPN can improve N utilization or productivity in  

non-ruminant animals and humans. 

In the present study, BW gain was not different between treatments which is in contrast 

to results in the previous study (Chapter 4) where the supply of additional NPN increased BW 

gain in restricted fed pigs.  The lack of diet effects on BW gain can in part be explained by the 

tendency towards decreased voluntary feed intake when adding increasing amounts of NPN to 

the diet and lower feed intake for pigs on Pos Ctrl.  Feeding diets deficient in NEAA-N pigs will 

increase voluntary feed intake, when pigs are fed diets that are marginally deficient in specific 

EAA (Brumm and Miller, 1996; Yan et al.,  2010).  Based on these considerations, in the current 

experiment feed efficiency is a more appropriate response than BW gain for evaluat ion of 
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nutrient utilization efficiency. In the current study, feed efficiency was improved when adding 

either protein or NPN to the diet 

Grimson and Bowland (1971) and Kornegay (1972) found that BW gain was reduced 

when urea was added to the diet at levels between 1.2 to 2 %.  These studies reported that BW 

gain and feed efficiency were improved when low protein diets were supplemented with urea, 

lysine, and methionine to be iso-N, iso-lysine and iso-methionine when compared to a positive 

control.  In those studies, however, added urea was confounded with supplementation of 

crystalline lysine and methionine; when low protein diets were supplemented with these EAA 

only.  Chiba et al. (1995) reported no benefit of urea supplementation, as a source of extra N, on 

daily weight gain when diets were formulated to be iso-N and iso-lysine. 

Wehrbein et al. (1970) replaced either 5, 10 or 20 % of dietary N from intact protein in 

diets containing 2.6 % N with ammonium phosphate and ammonium citrate and supplemented 

with lysine, methionine and tryptophan only in the 20 % NPN inclusion diet.  Wehrbein et al. 

(1970) reported that BW gain and feed intake of growing pigs between 27 and 90 k g BW was 

decreased with increasing replacement of dietary protein, even when EAA were supplemented.  

Although availability of NPN-N from ammonium salts can be considered high, insufficient 

levels of EAA in the 5, 10 and 20 % NPN diet, to compensate for the removal of intact protein, 

likely affected pig performance. The replacement of 20 % dietary CP with ammonium salts and 

supplemented with lysine methionine and tryptophan showed reduced BW gain and feed intake 

but similar feed efficiency compared to the (positive) control diet.  In that study, replacement of 

dietary protein with NPN was confounded with reduced dietary levels of EAA, making it 

difficult to interpret the response to added levels of NPN from ammonium salts. 



70 

 

Rose et al. (1949) fed rats a purified basal diet that contained only EAA, then evaluated 

the BW gain response to adding different sources of N (e.g., diammonium citrate, urea, glycine 

and glutamic acid).  In that study the dietary N was limiting since the inclusion of each of the N 

supplements improved BW gain compared to rats fed the basal diet only.  Rose et al. (1949) and 

Lardy and Feldott (1950) reported that ammonium salts were as efficient as crystalline glycine 

and glutamic acid for providing N to support improvement on growth performance and, 

apparently, for endogenous synthesis of NEAA.  However, in these studies, the basal diet 

contains certain AA (i.e. valine, isoleucine, threonine) in racemic form and their inclusion in diet 

was increased to provided enough physiologically active AA which may have influenced growth 

performance.  In agreement with their results, the poorer feed efficiency of the Neg Ctrl in the 

current study could be explained by the necesity to catabolize EAA to supply N for endogenous 

synthesis of NEAA; catabolism of EAA appears reduced when supplying additional N from 

either selected AA or NPN, resulting in improvement in growth perfromance. 

The inclusion of ammonium-N, and consequent decrease in EAA:TN, increased feed 

efficiency linearly in the present experiment.  The calculated the EAA:TN in the diets decreased 

from 0.59 in Neg Ctrl to 0.46 in High NPN.  Based on the observed linear feed efficiency 

response to added ammonium salts in this study, the optimum EAA:TN is 0.46 or lower. This is 

reasonably consistent with Heger et al. (1998),  Gotterbarm et al. (1998) and Lenis et al. (1999) 

who reported that EAA:TN should be approximately 0.5 for optimum N retention in growing 

pigs.  It is important to consider that when calculating EAA:TN any excess of EAA-N relative to 

the optimum balance among EAA should not be considered as EAA-N, as it can be used for 

NEAA synthesis.  Another approach to representing this ratio is to consider bioavailability and 

utilization of EAA (in units of SID supply of the 1 st limiting AA; NRC 2012), and N (in units of 
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STTD; Chapter 4). This may be considered in future studies evaluating requirements for N or 

NEAA-N.    

For High NPN, feed efficiency was identical to Pos Ctrl and when similar amounts of 

SID N were supplied.  This implies that the use of NPN from ammonium salts apears as effective 

as using intact protein from casein for endogenous NEAA synthesis and subsequent use of 

NEAA for body protein gain and supporting improved feed efficiency.  It remains to be explored 

whether the supply of combinations of specific NEAA that are actively involved in 

transamination reactions, N metabolism or conditionally EAA (e.g. glutamate, aspartate, 

arginine; Brosnan and Brosnan, 2007; Powell et al., 2011) will result in improved efficiencies of 

using N for endogenous synthesis of NEAA when compared to ammonium salts or protein bound 

AA from casein. 

Plasma urea concentrations were low and similar across all treatments (overall mean  

0.11 mM).  Urea is a main final metabolite of AA catabolism and, therefore, urea plasma 

concentrations typically increase with higher dietary N  intake (Berschauer et al., 1983).  In the 

current experiment, N content in Pos Ctrl and High NPN diets were more than double than that 

used in the previous experiment (Chapter 4), yet the plasma urea concentrations were still low 

relative to other studies (2.8 – 4.0 mM; Zervas and Zijlstra, 2002) .  The lack of treatment effects 

and low plasma urea confirm that N was being used for supporting body protein gain through 

synthesis of NEAA in all treatments and that the supplemented N was used efficiently as well.  

The latter is consistent with improvements in feed efficiency, which can be attributed largely to 

improvements in body protein gain.    
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5.6. Conclusion and implications 

The present study demonstrates that the addition of NPN in the form of ammonium salts 

to the diet improves feed efficiency when pigs are fed diets deficient in NEAA-N.  The lack of 

treatment effect on BW gain can be attributed to the tendency for decreased feed intake with 

inclusion of ammonium salts in the diet.  These data support the idea that dietary NPN, as 

ammonium salts, can be used as an effective source of N in growing pigs fed a diet deficient in 

NEAA-N.  Inclusion of NPN in commercial diets that contain large amounts of crystalline EAA 

should be considered.  Further research is warranted to explore the efficiency of using different 

sources of dietary N (e.g. different NPN and specific NEAA) for endogenous synthesis of NEAA 

and subsequent protein synthesis in pigs fed diets deficient in NEAA-N.    
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Table 5.1 Ingredient composition of diets deficient in NEAA-N with increasing inclusion levels 
of N supplied from of ammonium salts or intact protein. 

 

Neg Ctrl 

(no NPN) 
Low NPN High NPN Pos Ctrl 

SBM, % 15.00 15.00 15.00 15.00 

Corn starch, % 58.75 57.69 56.64 55.46 

Casein, % 0.00 0.00 0.00 6.00 

Monocalcium phosphate, % 1.49 0.75 0.00 1.30 

Limestone, % 1.13 1.48 1.83 1.18 

Salt, % 0.50 0.50 0.50 0.50 

Magnesium sulphate, % 0.13 0.13 0.13 0.13 

Potassium sulphate, % 0.05 0.05 0.05 0.05 

Swine vitamin and mineral premix1
, % 0.60 0.60 0.60 0.60 

Cellulose, % 4.00 4.00 4.00 4.00 

Pectin, % 3.00 3.00 3.00 3.00 

Sugar, % 8.00 8.00 8.00 8.00 

Soya oil, % 4.00 4.00 4.00 4.00 

Lysine-HCL, % 0.755 0.755 0.755 0.248 

Methionine, % 0.387 0.387 0.387 0.215 

Threonine, % 0.387 0.387 0.387 0.175 

Tryptophan, % 0.090 0.090 0.090 0.020 

Isoleucine, % 0.254 0.254 0.254 0.000 

Valine, % 0.381 0.381 0.381 0.045 

Leucine, % 0.518 0.518 0.518 0.033 

Histidine, % 0.169 0.169 0.169 0.021 

Arginine, % 0.000 0.000 0.000 0.000 

Phenylalanine, % 0.408 0.408 0.408 0.020 

Di-ammonium phosphate, % 0.00 0.60 1.20 0.00 

Di-ammonium citrate, % 0.00 0.85 1.70 0.00 
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1Supplied per kg of complete diet: vitamin A, 10,000 IU as retinyl acetate (2.5 mg) and 
retinylpalmitate (1.7 mg); vitamin D3, 1,000 IU as cholecalciferol; vitamin E, 56 IU as dl-α-

tocopherol acetate (44 mg); vitamin K, 2.5 mg as menadione; choline, 500 mg; pantothenic acid, 
15 mg; riboflavin, 5 mg; folic acid, 2 mg; niacin, 25 mg; thiamine, 1.5 mg; vitamin B6, 1.5 mg; 

biotin, 0.2 mg; vitamin B12, 0.025 mg; Se, 0.3 mg from Na2SeO3; Cu, 15 mg from 
CuSO4.5H2O; Zn, 104 mg from ZnO; Fe, 100 mg from FeSO4; Mn, 19 mg from MnO2; and I, 
0.3 mg from KI (DSM Nutritional Products Canada Inc., Ayr, ON) 
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Table 5.2 Calculated and analyzed nutrient content of diets deficient in NEAA-N with 
increasing inclusion levels of N supplied from of ammonium salts or intact protein.  

 

Neg Ctrl 

(no NPN) 
Low NPN High NPN Pos Ctrl 

Calculated nutrient content
1
     

ME content, kcal/kg 3431 3393 3355 3391 

NE content, kcal/kg  1999 1970 1941 1950 

N x 6.25, % 10.19 11.64 13.08 13.39 

Calcium, % 0.71 0.71 0.71 0.71 

Total Phosphorus, % 0.43 0.41 0.39 0.43 

STTD Phosphorus, % 0.33 0.33 0.33 0.34 

Sodium, % 0.21 0.21 0.21 0.22 

Potassium, % 0.36 0.36 0.36 0.36 

Chloride, % 0.52 0.52 0.52 0.42 

Magnesium, % 0.05 0.05 0.05 0.05 

Total Lysine, % 1.04 1.04 1.04 1.05 

SID Lysine, % 0.99 0.99 0.99 0.99 

SID Arginine, % 0.49 0.49 0.49 0.66 

SID Histidine, % 0.34 0.34 0.34 0.34 

SID Isoleucine, % 0.54 0.54 0.54 0.54 

SID Leucine, % 0.99 0.99 0.99 0.99 

SID Methionine, % 0.47 0.47 0.47 0.45 

SID Methionine + Cysteine, % 0.56 0.56 0.56 0.56 

SID Phenylalanine, % 0.72 0.72 0.72 0.60 

SID phenylalanine + tyrosine, % 0.93 0.93 0.93 1.09 

SID Threonine, % 0.62 0.62 0.62 0.62 

SID Tryptophan, % 0.18 0.18 0.18 0.19 

SID Valine, % 0.67 0.67 0.67 0.67 

SID N x 6.25, % 9.02 10.48 11.93 11.92 

EAA:TN 0.59 0.51 0.46 0.45 

     

Analyzed nutrient content
2
     

N x 6.25, % 11.4 ±1.3 12.3 ±1.2 13.4 ±3.7 13.8 ±2.4 

Calcium, % 1.02 ±0.21 0.96 ±0.27 1.03 ±0.20 0.94 ±0.12 

Phosphorus, % 0.46 ±0.10 0.40 ±0.08 0.46 ±0.05 0.44 ±0.05 

Sodium, % 0.23 ±0.04 0.21 ±0.04 0.21 ±0.05 0.26 ±0.04 

Potassium, % 0.48 ±0.12 0.36 ±0.09 0.37 ±0.13 0.45 ±0.10 

Magnesium, % 0.08 ±0.02 0.06 ±0.01 0.06 ±0.02 0.07 ±0.02 
1 Calculated using ingredient values according to NRC (2012). 
2 Values represent mean and standard deviation based on 4 observations.  
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Table 5.3 Body weight gain, feed intake and feed efficiency in growing pigs fed diets deficient 
in NEAA-N with increasing inclusion levels of N supplied from of ammonium salts or 

intact protein. 

 

Neg ctrl 

(no NPN) 

(n = 6) 

Low 

NPN 

(n = 6) 

High 

NPN 

(n = 6) 

Pos ctrl 

(casein) 

(n = 6) 

SEM
1
 

P-value 

Diet 

effect 

Simple 

linear 

regre-
ssion

2
 

Pos 

ctrl 

vs. 

Neg 

ctrl 

Pos 

ctrl 

vs. 
High  

Ammonium (NH4
+
), g/kg 0.0 3.0 6.0 0.0 -- -- -- -- -- 

SID N content in diet, g/kg 14.44 16.76 19.07 19.07 -- -- -- -- -- 

Initial BW, kg 15.6 15.1 15.3 14.8 0.6 0.757 0.670 0.297 0.538 

Final BW, kg 26.6 26.9 26.6 26.9 0.9 0.991 0.972 0.820 0.792 

Plasma urea, week 02, mM 0.089 0.090 0.092 0.091 0.001 0.548 0.210 0.349 0.685 

Plasma urea, week 03, mM  0.099 0.104 0.109 0.114 0.009 0.699 0.474 0.273 0.739 

          

BW gain, week 01, kg/d 0.23 0.31 0.23 0.27 0.04 0.486 0.973 0.540 0.516 

BW gain, week 02, kg/d 0.64 0.60 0.63 0.64 0.03 0.785 0.788 0.874 0.657 

BW gain, week 03, kg/d 0.62 0.67 0.67 0.72 0.03 0.125 0.212 0.019 0.215 

BW gain, week 2 & 3, kg/d 0.63 0.64 0.65 0.68 0.02 0.409 0.568 0.117 0.313 

 
   

  
    

Feed intake, week 01, kg/d 0.93 0.92 0.83 0.83 0.05 0.345 0.174 0.183 0.988 

Feed intake, week 02, kg/d 1.36 1.26 1.20 1.20 0.05 0.131 0.057 0.040 0.964 

Feed intake, week 03, kg/d 1.40 1.43 1.34 1.40 0.04 0.514 0.288 0.891 0.347 

Feed intake, week 2 & 3, kg/d 1.39 1.35 1.28 1.30 0.04 0.237 0.064 0.158 0.619 

 
   

  
    

Gain:Feed, week 01 0.25 0.33 0.27 0.32 0.04 0.453 0.696 0.219 0.417 

Gain:Feed, week 02 0.47
a
 0.48

ab
 0.52

ab
 0.54

b
 0.01 0.005 0.015 0.002 0.391 

Gain:Feed, week 03 0.44 0.47 0.50 0.51 0.02 0.135 0.107 0.034 0.643 

Gain:Feed, week 2 & 3 0.45
a
 0.47

ab
 0.51

ab
 0.52

b
 0.02 0.019 0.034 0.005 0.496 

1 Standard error of means based on 6 observations (pens of 2 pigs) per treatment. 
2 Linear regression of the different responses compare to the amount of ammonium in diet. 
a,b,c Values in the same row followed by different superscripts differ significantly (main effect of 
the diet, P < 0.05). 
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Figure 5.1  Relationship between G:F and the amount of ammonium in diet of pigs fed a diet 
deficient in NEAA-N, week 2 & 3.  Data points represent individual pens. 
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6. SUMMARY AND GENERAL DISCUSSION 

With the increasing supply of crystalline essential amino acids (EAA) in pig diets and 

environmental policies towards decreasing nitrogen (N) excretion, lowering the dietary crude 

protein (CP) level (i.e., N supply) may result in an improper dietary balance between EAA-N 

and total N (EAA:TN).  At low N intake, insufficient non-EAA (NEAA) may be provided in the 

diet and N supplied by EAA may be used by non-ruminant animals for the endogenous synthesis 

of NEAA.  Therefore, studies to determine the importance of dietary N for endogenous synthesis 

of NEAA are pivotal to optimize EAA utilization in pigs and other non-ruminant animals.  

Research focused on determining requirements for EAA is abundant, while only few studies 

have explored the utilization of N in diets (NRC, 2012).  Previous studies have shown that 

absorption of N by the lower gut (caecum and large intestine) occurs, but most of this N is 

incorporated into urea and subsequently excreted in urine.  Concurrently, studies in which NPN 

was supplied in feed have shown no improvements in pig growth performance, and its inclusion 

in diets has been neglected.  In this context, the main objectives of studies reported in this thesis 

were to determine the impact of N absorbed by the lower gut and the role of dietary NPN in 

supplying N for improving growth performance of pigs fed diets deficient in NEAA-N were. 

Studies presented in this thesis were based on the hypothesis that N infused as urea in the 

lower gut, and absorbed primarily as ammonia, can be used for the endogenous synthesis of 

NEAA, improving N retention when dietary EAA:TN is high.  In addition, it was hypothesized 

that dietary NPN can supply N for the synthesis of NEAA as efficiently as intact protein (casein) 

for improving growth performance of pigs fed diets deficient in NEAA-N. 
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In Chapter 4, a N-balance study is presented to determine the utilization of N absorbed by 

the lower gut for body protein deposition.  Nine barrows were infused with saline and varying 

amounts of urea into the caecum and fed a common cornstarch and casein-based diet deficient in 

NEAA-N.  In addition, to determining the effect of N absorbed in the lower gut on urea kinetics, 

a continuous i.v. infusion of 15N15N-urea was conducted.  Finally, liver samples were collected to 

analyze activity of three enzymes involved in N metabolism (carbamoyl phosphate synthetase-I, 

CPS-I; glutamate dehydrogenase, GDH and glutamine synthase, Gln-S).  It was demonstrated 

that N infused in the lower gut increased N retention linearly when pigs are fed diets deficient in 

NEAA-N.  N infused into the lower gut was efficiently absorbed and used for improving N 

retention.  In agreement to N retention results, body weight (BW) gain was improved linearly 

with N infusion rate.  Urea flux and urinary N excretion was not augmented with urea infusions; 

plasma urea levels were low and similar among treatments.  These data show tha t lower gut-

absorbed N was used for anabolic pathways rather than urea production.  Enzyme activities 

support this idea, since activity of CPS-I, the first enzyme in urea cycle, was low and similar 

between all treatments, while activity of GDH, the main enzyme involved on incorporating 

ammonia-N into amino acids (AA), tended to increase with urea-N infusion rate. 

The results in this study proved that N absorbed in the lower gut could be used for NEAA 

synthesis; improving body protein deposition in pigs fed a diet deficient in NEAA-N.  The 

discrepancy in N utilization from the lower gut compared to previous studies can be explained 

based on varying dietary EAA:TN across studies (Zebrowska, 1975; Darragh et al., 1994).  Intact 

AA absorption does not occur in the lower gut of pigs older than about 10 d, primarily because 

of the extensive microbial fermentation in that compartment (Fuller and Reeds, 1998).  

Therefore, any improvement in N retention in growing pigs fed a diet deficient in a specific EAA 
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and infused the limiting EAA in the lower gut relies on N absorption in the lower gut, urea 

recycling, microbial synthesis of the limiting EAA in the upper gut and subsequent absorption, 

being of low efficiency and limited benefit (Metges, 2000; Libao-Mercado et al., 2009; 

Columbus et al., 2012). 

Estimation of bioavailability of AA in pig feed ingredients is based largely on ileal 

digestibility values (Stein et al., 2007; NRC, 2012).  This study, however, demonstrates that fecal 

digestibility values are more accurate for estimating N bioavailability. 

The increasing supply of crystalline AA and the reduced N content in non-ruminant 

animal diets may not provide sufficient NEAA or N for the synthesis of NEAA, reducing EAA 

utilization.  Studies that explore the importance of NEAA in pig diets are scarce.  Heger et al 

(1998) showed that N retention in pigs is reduced if a proper balance between EAA:TN is not 

provided in the diet, suggesting that a minimum dietary level of available N should be defined. 

In contrast to EAA and conditionally limiting EAA that need to be provided in the diet, a 

source of N for the endogenous synthesis of NEAA is required to support maximal performance.  

The main sources of NEAA-N are dietary NEAA, dietary EAA supplied in excess of 

requirements and non-protein-N (NPN).  In Chapter 5, a study to determine the effect of feeding 

NPN, as ammonium salts, on growth performance of pigs fed diets deficient in NEAA-N is 

reported.  For this study, 48 gilts were fed ad libitum four different diets for three consecutive 

weeks.  The four diets were formulated to supply minimum necessary levels for all EAA to 

support maximal performance: (1) positive control (Pos Ctrl) was only marginally deficient in 

NEAA-N and supplied all N as intact protein or AA, (2) negative control (Neg Ctrl) deficient in 

NEAA-N and large supplementation of crystalline EAA and (3) Low NPN and (4) High NPN 
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that increasingly covered the deficit of NEAA-N in Neg Ctrl with increasing levels of 

ammonium phosphate and citrate.  Blood plasma samples were taken at week 2 and 3 and 

analyzed for urea concentration.  Body weight gain was not different among treatments and feed 

intake tended to decrease with increasing levels of NPN in diet.  Feed efficiency was different 

between Neg Ctrl and Pos Ctrl, increased linearly with the inclusion of NPN and was similar on 

High NPN and Pos Ctrl.  Therefore, in this study feed efficiency was the most sensitive measure 

of nutrient utilization. 

Ammonium salts were used, rather than urea, as N supplements to better control N 

bioavailability.  Several studies have reported that urea-N is available to the host only when 

microflora in the gastrointestinal tract hydrolyzes urea before N absorption (Deguchi et al., 

1978ab; Metges et al., 1999).  It has been shown that urea is not completely hydrolyzed when 

given orally, reducing N utilization (Hibbert et al., 1992). 

This data support the idea that NPN can be used for the endogenous synthesis of NEAA 

when pigs are fed diets deficient in NEAA-N.  In agreement with Rose et al. (1949) and Lardy 

and Feldott (1950), Neg Ctrl showed the lowest feed efficiency implying catabolism of EAA for 

NEAA synthesis.  The increase in feed efficiency with feeding NPN demonstrates that N rather 

than a especific EAA was the limiting factor in these diets.  Improvement in feed efficiency, 

without changes in plasma urea levels, with feeding NPN also means a switch in the source of N 

for NEAA synthesis, decreasing EAA catabolism and consequently increasing utilization of 

EAA for body protein deposition.  Feed efficiency for High NPN was similar to Pos Ctrl 

demonstrating that ammonium-N is as effective as casein-N for supporting endogenous NEAA 
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synthesis.  In agreement with the latter, plasma urea values were low and similar among all diets 

implying efficient N utilization for NEAA synthesis and subsequent body protein deposition. 

Data presented in the first and the second studies rely on ammonia absorption in the 

upper (2nd study) and the lower (1st study) gut and efficient use for the endogenous synthesis of 

NEAA in pigs fed diets defficient in NEAA-N.  Ammonia is efficiently absorbed by the 

gastrointestinal mucosa (Karasawa et al., 1985) and is taken to the liver to be incorporated into 

non-toxic compounds (Cooper et al., 1987).  The functional heterogeneity in the hepatocyte 

ensures low levels of ammonia in the systemic circulation (Stoll et al., 1990).  Hepatocytes in 

periportal location are considered to be a system of high capacity and low affinity for 

incorporating ammonia-N into urea while hepatocytes in the perivenous location acts as 

ammonia scavengers and are considered a high-affinity system for capturing ammonia-N into 

glutamine (Haüssinger, 1990).  Studies with rats have reported that under conditions of low N 

intake, glutamine release by the liver is increased as a pathway for N salvage, while urea 

production is decreased (Rémésy et al., 1997).  Production of glutamine in the perivenous 

hepatocyte requires a constant supply of glutamate or α-ketoglutarate (Stoll et al., 1990).  

Glutamate synthesis from ammonia is catalyzed for the allosteric enzyme GDH which is reported 

to be in a constant equilibrium and able to catalyzed the reversible reaction depending on 

substrate concentration (Treberg et al., 2010).  Although mechanisms by which urea cycle 

activity was decreased and ammonia was preferably incorporated into NEAA are not completely 

understood, the incorporation of NPN into NEAA seems to be an efficient pathway.  It will be of 

interest to further explore the use of different dietary N sources for synthesis of NEAA. 
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Overall, data reported in this thesis demonstrate that N absorbed by the lower gut can be 

used efficiently for NEAA synthesis, improving body protein deposition and growth 

performance, and therefore should be considered in pig diet formulation.  In addition, the data 

support that EAA:TN should be taken into consideration, especially when formulating diet with 

large amounts of crystalline EAA.  Finally, the data show that NPN can be fed for supplying N 

for the endogenous synthesis of NEAA to support body protein gain in growing pigs.  Future 

research should focus on liver N metabolism to gain a better understanding of the use of different 

dietary N sources for synthesis of NEAA, and on establishing total N requirements b ased on 

standarized total tract N digestibility.  
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