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ABSTRACT 

  

 

 

Enteral nitrogen metabolism in the growing pig 

 

 

 

Daniel A. Columbus     Advisor: 

University of Guelph, 2012    Dr. Cornelis F.M. de Lange 

        

 

 

An improved understanding of nitrogen metabolism in the gastrointestinal tract of 

the pig is required in order to provide accurate estimates of nitrogen and amino acid (AA) 

bioavailability in feed ingredients and for adequate diet formulation.  Research objectives 

were to estimate the extent of fermentative AA catabolism (FAAC) in the upper gut of 

pigs.  Further objectives were to determine the impact of lower gut nitrogen absorption 

on measures of apparent ileal digestibility of AA and nitrogen, whole-body nitrogen 

balance, and urea kinetics in pigs fed a valine-limiting diet. 

It was determined that simple isotope dilution calculations are inappropriate for 

determining ileal ammonia flux and FAAC from a continuous infusion of labelled 

ammonia and urea.  A static model with two-pools (blood urea and digesta ammonia) was 

then developed to determine possible value ranges for FAAC in the upper gut of pigs.  

Maximum estimated FAAC based on this model was lower when dietary protein content 

was decreased (P < 0.001).  The model presented is limited to minimum and maximum 

estimates of FAAC due to the sampling and isotope infusion protocol used.  Refinements 

to the model and experimental protocol could allow for more accurate estimates of 

FAAC. 



 

 

Infusion of casein or urea into the lower gut of pigs did not affect measures of 

apparent ileal digestibility of AA or nitrogen.  These results further validate the 

methodology available for determination of ileal digestibility and the use of ileal 

digestibility to estimate bioavailability of AA and nitrogen.   

Infusion of casein or urea into the lower gut resulted in an increase in nitrogen 

balance and urea flux in growing pigs fed a valine-limiting diet.  Nitrogen absorbed from 

the lower gut of pigs is likely in the form of ammonia which is converted to urea.  Lower 

gut nitrogen can contribute to whole-body protein deposition via urea recycling and 

microbial AA production in the upper gut.  Lower gut nitrogen absorption should be 

accounted for when estimating bioavailability of nitrogen in feeds and foods. 
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1.0 GENERAL INTRODUCTION 

 

 When formulating diets for pigs, knowledge of the bioavailable amino acid (AA) 

content of the feed ingredient is essential in order to provide a diet that meets the needs of 

the animal.  The ileal digestibility assay has been widely accepted as providing accurate 

estimates of AA bioavailability (Stein et al., 2007b).  However, in some situations, ileal 

digestibility may overestimate AA bioavailability, such as when feeding high-fibre diets 

(Zhu et al., 2005) or ingredients containing heat-damaged lysine (Rutherfurd and 

Moughan, 1997) or when fermentative AA catabolism (FAAC) of dietary and 

endogenous proteins by the resident intestinal microflora occurs (Libao-Mercado, 2007).  

While it has been shown that pigs can benefit from microbial AA production, gut 

microbes may also have a negative effect on AA supply through FAAC.  It was estimated 

previously that up to 2.1 g/kg DMI of protein are catabolized in the gut (Libao-Mercado, 

2007), however, the exact amounts of individual AA lost to FAAC are unknown. 

 Lower gut nitrogen metabolism may have an impact on whole-body nitrogen 

metabolism in the pig.  However, as it is widely accepted that AA absorption from the 

lower gut is insignificant (Sauer and Ozimek, 1986) the contribution of lower gut 

nitrogen has largely been ignored.  This is based on a number of studies that demonstrate 

no benefit of infusing AA or protein in the lower gut on whole-body nitrogen retention 

(Fuller and Reeds, 1998).  It was suggested by Fuller and Reeds (1998) that nitrogen 

absorbed from the lower gut is largely in the form of ammonia, which is converted to 

urea and excreted.  However, a proportion of urea flux is recycled into the gastrointestinal 

tract of pigs (Mosenthin et al., 1992a), where it can be utilized by gut microflora for de 
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novo AA synthesis by resident microbes (Torrallardona et al., 2003a).  Therefore, lower 

gut nitrogen may contribute to the AA supply during times of AA or nitrogen deficiency. 

 This thesis presents studies in which the impact of gut microflora and lower gut 

nitrogen metabolism on AA supply to the host and nitrogen metabolism in growing pigs 

is explored.  First, the use of isotope kinetics is explored as a means to estimate the extent 

of FAAC in the upper gut and the effect of dietary fibre and protein content on estimates 

of FAAC.  The impact of lower gut nitrogen supply on measures of apparent ileal 

digestibility was then examined.  In the final study, the impact of lower gut nitrogen 

supply on whole-body nitrogen balance and urea kinetics in growing pigs fed a valine-

limiting diet was determined. 
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2.0 LITERATURE REVIEW
1
 

 

2.1 Introduction 

 

An estimate of the bioavailable amino acid (AA) content of a diet is required in 

order to predict animal performance and optimize pork production efficiency.  Ileal 

digestibility is used to predict AA bioavailability as it is widely accepted that AA 

disappearance from the lower gut (caecum and colon) is of no nutritional value and 

largely reflects microbial fermentation of AA.  As in other monogastric species, the 

extent of microbial colonization of the upper gut (stomach and small intestine) of the pig 

is thought to be minimal when compared to the lower gut.  Therefore, little consideration 

has been given to the impact of the upper gut microflora on the AA supply to the pig.  

However, the resident microflora in the upper gut may have a significant impact on the 

AA supply to the host through fermentative catabolism of dietary and endogenous AA 

(FAAC), providing energy for microbes, and through microbial protein synthesis.  

Microbial fermentation of AA results in the production of ammonia, among other 

metabolites, which is used for microbial AA (mAA) synthesis or is absorbed by the host 

and used for either dispensable AA (dAA) synthesis or for urea synthesis and excretion, 

representing an energy cost to the pig.  It has been well established that a proportion of 

urea that is generated in the pig is recycled back into the gastrointestinal tract where it is 

susceptible to hydrolysis by microbial ureases with the liberated ammonia available for 

de novo mAA synthesis.  Whether de novo mAA synthesis represents a net benefit to the 

pig depends on the source of nitrogen for mAA synthesis (ammonia vs. dietary and 

                                                 
1
 Published in part: Columbus, D., and C.F.M. de Lange. 2012. Evidence for validity of ileal digestibility 

coefficients in monogastrics. Br. J. Nutr. In press. 
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endogenous AA) and the availability of mAA to the host (synthesis in, and absorption 

from, the upper gut).  

The diversity and activity of the resident microbial population is partly 

determined by the diet of the host.  In particular, dietary protein and fermentable fibre 

may have a significant impact on the gut microflora, with different microbial species 

responding differently to diet composition and, therefore, on the AA availability for 

whole-body protein deposition in the pig.  Dietary fibre can increase enterocyte and 

microbial proliferation in the gut of pigs and can be used as an energy source by 

microbes, thus sparing dietary and endogenous protein.  Reducing dietary protein content 

may result in reduction in FAAC and increase use of non-protein nitrogen (NPN; i.e. 

ammonia or urea) for mAA synthesis.  

This literature review focuses on the flow of nitrogen between the protein and 

non-protein pools in the gut and in the host animal, the impact of the upper gut microbial 

population on nitrogen metabolism, the source of nitrogen for endogenous and microbial 

synthesis of AA, and the impact of dietary protein and fibre content on nitrogen 

metabolism. 

 

2.2 Nitrogen metabolism in the growing pig 

 

 The use of dietary nitrogen for growth in the pig is based on a number of factors 

including the dietary energy content, the dietary content and bioavailability of AA, the 

dietary AA profile, total dietary nitrogen content, the post-absorptive utilization 

efficiency of AA for metabolic processes involved in maintenance and growth, and 

excretion of excess nitrogen.  Overall, the apparent utilization of nitrogen intake for 



5 

 

growth (i.e. body protein deposition) is between 50 and 75% (NRC, 2012) with the 

remainder being excreted into the environment.  Efforts to more closely match dietary 

supply of bioavailable AA and nitrogen with requirements as well as maximizing 

absorption and post-absorptive utilization efficiency for body protein synthesis are 

required in order to improve the environmental sustainability of swine production. 

 

2.2.1 Measures of amino acid bioavailability 

 

An estimate of the bioavailable AA content of a diet is required in order to predict 

pig performance and to optimize pork production efficiency as better estimates of the 

bioavailable AA content will allow for greater precision when matching AA intake with 

requirements.  The bioavailable AA content is defined as the proportion of AA intake that 

is absorbed in a chemical form that can be used in metabolic processes such as protein 

deposition (Batterham, 1992).  Measures of AA digestibility have traditionally been used 

to estimate AA bioavailability, however, since these measures are based on 

disappearance from the digestive tract and do not reflect the form in which AA are 

absorbed they may provide an overestimate of AA bioavailability (Stein et al., 2007a).  

The most basic measure of AA bioavailability, faecal or total tract digestibility, is 

disappearance of an ingested AA along the entire gastrointestinal tract.  Amino acid 

disappearance at the terminal ileum, referred to as apparent ileal digestibility, is 

considered a better estimate of AA bioavailability than faecal digestibility since it largely 

represents enzymatic protein digestion and absorption of intact AA with little influence 

from microbial fermentation (Stein et al., 2007a).  Adjustments of apparent ileal 

digestibility for basal endogenous AA losses (EAAL) into the gut result in standardized 
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ileal digestibility values which are of greater value when estimating the bioavailable AA 

content of feedstuffs as they are not influenced by dietary protein content, are additive in 

feed formulations, and more closely represent actual AA digestibility (Stein et al., 

2007a).  There are a number of methods available for determining basal endogenous 

losses but there are limitations and assumptions associated with each method (Nyachoti et 

al., 1997).  Standardized ileal digestibility may overestimate AA bioavailability in 

feedstuffs that have undergone heat treatment (NRC, 2012), contain anti-nutrients such as 

non-starch polysaccharides [NSP; (Zhu et al., 2005; Libao-Mercado et al., 2006)], or 

induce additional EAAL above basal losses (Hess and Seve, 2000).  Some of the 

limitations of standardized ileal digestibility values may be overcome through the use of 

true ileal digestibility values which account for total EAAL, both basal and feedstuff 

specific.  Since a pig’s true ileal digestible AA requirements will differ depending on the 

feedstuffs included in the diet, information on ileal AA losses associated with all the feed 

ingredients used in pig diets is required (Stein et al., 2007a).  Currently there are no 

methods available to routinely determine ingredient specific losses and, therefore, the 

application of true ileal digestibility is limited. 

The use of ileal digestibility values is based on the conclusion that AA 

disappearance in the lower gut represents FAAC and absorption of ammonia and that the 

majority of AA absorption occurs in the upper gut (Birkett and de Lange, 2001), 

however, there are studies that suggest the lower gut is capable of AA absorption.  Heine 

et al. (1987) showed that when labelled yeast was infused into the colon of infants, the 

majority of the label that was absorbed (i.e. not excreted in faeces) was retained in body 

protein and not excreted in urine, implying that the colon is capable of absorption of 
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intact AA.  The presence of AA transporters, such as the ATBo+ and B
o+

 transport 

systems, have been demonstrated in the colonic mucosa (Blachier et al., 2007) indicating 

the capacity for AA transport.  In addition, uptake of methionine through the colonic 

mucosa has been demonstrated (James and Smith, 1976; Smith and James, 1976).  These 

studies were performed in young pigs in which it has been demonstrated that gut structure 

and function differs from growing pigs.  Indeed, it was shown that the ability of colonic 

tissue to transport AA was reduced in 4-day-old pigs and virtually eliminated in 10-day-

old pigs (James and Smith, 1976).  This would suggest that the ability of the colon to 

absorb AA is lost quickly and would not be a significant factor in the growing pig.  

However, a similar study was able to demonstrate the transport of lysine from the 

proximal colon of market weight pigs (Woodward et al., 2012).  The results of these 

studies demonstrate that the pig colon is capable of absorption of AA, but that this ability 

is quickly lost and/or dependent on the AA being studied.  It should be noted that 

measurement of AA uptake in these studies was done in isolated colonocytes grown in 

culture or on mounted sections of tissue and does not necessarily indicate what would 

occur in vivo.   

The results of studies showing the presence of AA transporters and the 

measurement of AA flux across the colonic mucosa are in conflict with a large number of 

studies in which protein or individual AA have been infused into the lower gut of pigs 

with little or no retention of the infused AA (Zebrowska, 1973; Sauer, 1976; Hodgdon et 

al., 1977; Just et al., 1981; Wünsche et al., 1982).   In several of these studies, however, 

statistically non-significant improvements in whole-body nitrogen retention were 

observed, suggesting that some of the experimental observations may not have been 



8 

 

sufficiently sensitive to identify retention of AA that were infused into the lower gut 

(Moughan, 2003a).  However, in carefully controlled studies and with AA that were 

limiting in the diet, infusion of AA into the lower gut of pigs did not improve whole-body 

AA retention.  For example, Darragh et al. (1994) infused lysine or methionine into the 

proximal colon of young pigs fed either lysine or methionine deficient diets with the 

assumption that nitrogen balance would be improved if the dietary indispensable AA 

(iAA) were absorbed intact thus correcting the diet deficiency.  However, no 

improvement in nitrogen balance was observed; in fact nitrogen balance was somewhat 

reduced when compared to pigs receiving additional lysine or methionine orally. 

Wünsche et al. (1982) performed a similar study examining lysine and isoleucine 

infusion into the colon of animals receiving lysine or isoleucine deficient diets.  Again it 

was found that while faecal digestibility was not affected by the infusion, nitrogen 

balance was decreased and urinary ammonia increased in these animals (Wünsche et al., 

1982).  In another study, nitrogen digestibility and retention was compared in pigs in 

which a casein supplement was given orally or infused into the terminal ileum.  Total 

tract nitrogen digestibility from the hindgut was decreased only slightly when casein was 

administered ileally, suggesting that nitrogen was being absorbed from the hindgut, but 

there was a significant reduction in nitrogen retention in these pigs [Zebrowska et al. 

(1978) as referenced in Buraczewski (1980)] which indicates that nitrogen absorption 

from the hindgut was of little nutritional value to the animal.  This is in contrast to a 

study by Gargallo and Zimmerman (1981) which demonstrated an improvement in 

nitrogen balance in pigs receiving an infusion of casein into the terminal ileum, which the 

authors used as evidence of lower gut AA absorption.  In a review of studies in which 
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casein was infused into the caecum of pigs,  Fuller and Reeds (1998) found that even 

though faecal digestibility was not different with casein infusion, indicating that nitrogen 

was being absorbed from the lower gut, there was little or no improvement in whole-body 

nitrogen balance.  This is consistent with the observation that nitrogen absorbed from the 

hindgut contributes primarily to urinary nitrogen excretion.  Indeed, while it was shown 

that approximately 18% of total nitrogen absorption occurred in the colon of pigs 

(Krawielitzki et al., 1990; Krawielitzki et al., 1996), the absorption of labelled nitrogen 

from the colon was entirely accounted for by label excretion in urine (Krawielitzki et al., 

1990).  These contrasting observations indicate that the potential contribution of lower 

gut nitrogen supply to the host is still not completely understood. 

 

2.2.2 Post-absorptive utilization efficiency of indispensable amino acids 

 

The post-absorptive utilization efficiency of dietary protein for body protein 

deposition in pigs ranges from much less than 50% to well over 75% (NRC, 2012).  This 

inefficiency is the result of AA utilization for body maintenance functions and support 

costs associated with protein deposition and catabolism of excessive AA intake.  

Maintenance functions include AA losses associated with body protein turnover 

(efficiency of reutilizing and irreversible structural alteration of AA), hair and skin losses, 

gastrointestinal losses (saliva, gastric juice, mucins, pancreatic secretions, bile, and 

intestinal cell sloughing), urinary AA losses, and synthesis of NPN compounds.  Support 

costs include AA losses associated with inevitable and preferential catabolism in addition 

to maintenance costs (Moughan, 1999).  Amino acid losses associated with these 

processes may be substantial and may have a disproportionate impact on certain AA over 
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others, for example the loss of threonine with mucin synthesis and secretion in the gut 

(Moughan, 2003b; Zhu et al., 2005).  

In general, the utilization of dietary AA intake for body protein deposition 

remains fairly high at sub-optimal intakes and where properly formulated diets are fed.  

Due to the inability of animals to store AA in a form other than functional protein, AA 

provided to pigs in excess of requirements are catabolized and excreted as urinary urea, 

representing a net loss to the pig (Moughan, 1999).  Therefore, when an AA is fed to pigs 

in excess there is a decrease in the utilization efficiency of that particular AA.  For 

example, when de Lange et al. (2001) increased dietary threonine content from 70 to 

100% of estimated requirements for maximum protein deposition, the utilization 

efficiency of threonine did not differ and averaged 73% but decreased to 59% when 

intake was increased to 120% of requirements.   

The ideal protein concept implies that the utilization efficiency of a single AA 

will only be optimized if other AA are supplied in adequate amounts and in adequate 

proportions to that particular AA, usually lysine (Boisen, 2003; NRC, 2012).  It is 

thought that providing AA in the ratio found in synthesized protein will optimize AA 

utilization. Therefore, the ideal ratio reported will be reliant on the reference protein used.  

For example, sow’s milk has been used as a reference protein assuming that through 

evolution it would provide the piglets with an optimum AA profile for growth (Boisen, 

2003).  Optimum AA profiles, reflected in the AA composition of ideal protein, have 

been reported using protein accretion, milk synthesis, and body tissue as reference 

proteins (NRC, 2012). 
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In addition to protein synthesis, a proportion of absorbed AA can be utilized as a 

nitrogen source for the synthesis of dAA.  The exact proportion of iAA utilized for this 

process will be dependent on the dAA requirements of the pig and the amount of dAA 

provided in the diet.  Therefore, to optimize utilization efficiency both the ideal iAA 

profile and the appropriate ratio of iAA to total nitrogen (iAA:tN) must be known.  

Growth performance and nitrogen balance has been shown to be dependent on the 

iAA:tN and generally suffers at extreme values (Lenis et al., 1999; Heger, 2003).  It was 

suggested that at high iAA:tN the decrease in performance and AA utilization is due to 

the metabolic demands of producing dAA (from iAA), inadequate dAA synthesis rates, 

or iAA toxicity (Heger, 2003) and that providing a source of non-specific nitrogen 

reduces the amount of iAA lost due to transamination for the purpose of dAA synthesis 

(Lenis et al., 1999).  At low iAA:tN it was suggested that the decrease in performance is 

due to an inadequate supply of iAA (Heger, 2003) although this is dependent on the total 

nitrogen content of the diet (Lenis et al., 1999).  At optimum iAA:tN it has been shown 

that the utilization efficiency of iAA is lower than that of total nitrogen (Heger et al., 

1998).  It was suggested that the use of iAA to synthesize dAA allows for salvage of iAA 

nitrogen that may be lost due to minimum and inevitable catabolism but that the 

conversion of some iAA to dAA is low and is, therefore, an inefficient source of nitrogen 

for dAA synthesis (Heger et al., 1998).  Therefore, in order to meet requirements for 

protein deposition, iAA or the equivalent α-keto acid and a source of non-specific 

nitrogen must be provided in the diet in addition to dAA. 
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2.2.3 Precursors and constraints for dispensable amino acid synthesis 

 

Dispensable AA can be obtained through a number of sources, with the primary 

source being absorption of dietary AA.  Dispensable AA can be produced by the pig from 

iAA directly, as in the case of cysteine and tyrosine synthesis from methionine and 

phenylalanine, respectively, or through transamination of carbon skeletons provided by 

ornithine and TCA cycle metabolites with nitrogen from other AA or from a source of 

NPN such as ammonia (Boisen, 2003).  This represents an important mechanism present 

in pigs and other animals that allows for salvage of nitrogen from AA catabolism.  

Therefore, to maximize AA utilization efficiency both iAA and dAA or a source of 

nitrogen for synthesis of the dAA should be provided in the diet.  Multiple nitrogen 

sources, such as urea, ammonium salts, and some dAA (glutamine, glutamate, and 

alanine) are effective at providing nitrogen for the synthesis of dAA (Rechcigl Jr. et al., 

1957).  

Since unbalanced AA, nitrogen, and NPN cannot be stored in the body and, 

therefore, are either utilized or excreted, there has been some difficulty in defining the 

form of nitrogen used for dAA synthesis.  Jackson et al. (1984) described a pool of 

metabolic nitrogen with contributions from ammonia absorbed from the gastrointestinal 

tract as well as catabolism of AA and NPN compounds, which could be utilized for AA 

synthesis.  Reynolds and Kristensen (2008) used the term labile nitrogen or protein 

reserve to describe a pool in which excess nitrogen is used for synthesis of nitrogenous 

compounds that could later be catabolized and utilized for synthetic processes when 

nitrogen supplies become limiting.  While the exact nitrogen source and the nitrogenous 

compounds produced were not clearly defined, nitrogen in this pool not in the form of 



13 

 

ammonia or urea is most likely in the form of readily transaminating AA, such as 

glutamate, glutamine, alanine, and arginine, which are involved in ammonia scavenging 

and interorgan transport for the purposes of transamination (Picou and Phillips, 1972; 

Meijer et al., 1990; Groff and Gropper, 2000).  The possibility of ammonia-nitrogen 

channelling into aspartate as a precursor for urea synthesis has also been suggested 

(Weijs et al., 1996).  Indeed, in studies examining the incorporation of 
15

N labelled 

ammonia into plasma or body tissue AA, those AA that readily participate in 

transamination tend to show the highest level of 
15

N incorporation (Jackson, 1995; 

Patterson et al., 1995; Weijs et al., 1996; Jackson et al., 2004).   

Of these AA, glutamine is of particular interest given its key role as an ammonia 

scavenger and carrier of nitrogen for the purpose of interorgan transport (Young and 

Ajami, 2001).  Other than being used for protein synthesis, glutamine also serves as an 

important precursor for synthesis of AA and other nitrogen-containing compounds, an 

energy source for the gut and other tissues with high cellular proliferation, a substrate for 

urea and urea precursors in the liver, a component of glutathione synthesis and immune 

system function, and, in the maintenance of proper acid-base balance, ammonia synthesis 

in the kidney (Lobley et al., 2001; Young and Ajami, 2001; Taylor and Curthoys, 2004; 

van de Poll et al., 2004).  Glutamate dehydrogenase and glutamine synthetase activity 

have been demonstrated in pig colonocytes (Eklou-Lawson et al., 2009) and may indicate 

a requirement for ammonia scavenge at the site of absorption.  In the study by Eklou-

Lawson et al. (2009), portal vein concentration of glutamine was increased with colonic 

ammonia absorption.  Arterial concentration of glutamine was not affected but urea 

concentration was increased (Eklou-Lawson et al., 2009) indicating ammonia scavenge 



14 

 

via glutamine production in the intestine and use of this newly synthesized glutamine as a 

urea precursor.   

 In general, and when pigs are fed practical diets, dietary supply and endogenous 

synthesis of dAA is sufficient to meet requirements for maximum productivity in the pig, 

however, under some circumstance such as in the very young pig or the gestating and 

lactating sow, the synthesis of some dAA, such as arginine, glutamine, proline, and 

glycine, may not be at a rate adequate for maximum performance.  In the young pig, 

synthesis of glutamine may be insufficient for maximal growth due to the high 

requirement of the rapidly growing digestive tract for glutamine.  Dietary glutamine has 

been shown to prevent intestinal atrophy and improve growth in newly-weaned pigs (Wu 

et al., 1996).  In addition, while arginine can be synthesized in the kidney via citrulline 

produced by the small intestine (van de Poll et al., 2004) and by the small intestine 

directly (Reeds, 2000) this synthesis may be insufficient in young pigs.  Improved growth 

performance and intestinal function has been demonstrated when arginine is included in 

diets for young pigs (Southern and Baker, 1983; Wu, 2004). Arginine may also be 

required to improve reproductive performance and lactation in sows by improving 

implantation and foetal growth (Wu et al., 2004; Wu et al., 2008).  For example, dietary 

supplementation with arginine during gestation has been shown to increase total piglets 

born alive and total birth weight (Mateo et al., 2007).  With both arginine and proline it 

has been suggested that intestinal productive capacity is important for meeting 

requirements for these AA and that intestinal (dietary) precursors may be a limiting factor 

(Reeds, 2000).  In addition, the enzyme capacity for production of some AA, such as 

proline, may be limiting in young animals (Reeds, 2000).  As with other conditionally 
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indispensable AA, the availability of the precursor AA for glycine production may be 

limiting under certain conditions (Reeds, 2000).  The addition of glycine to low protein 

diets for pigs between 20 and 40 kg resulted in an increase in growth performance which 

was taken as evidence that glycine may be conditionally limiting in young pigs (Southern 

et al., 2010) but may have simply indicated inadequate dietary nitrogen to meet demands 

for endogenous glycine synthesis.   

 

2.2.4 Urea flux and nitrogen salvage 

 

 Removal of the amino group is usually the first step in the breakdown of AA via 

either transamination, the direct transfer of the amino group to an α-keto acid [usually α-

ketoglutarate to form glutamate (Waterlow, 2006)], or deamination, the removal of the 

amino group forming an α-keto acid and ammonia (Groff and Gropper, 2000).  Ammonia 

is a highly toxic compound requiring detoxification prior to excretion.  The liver 

efficiently removes ammonia from the circulation and this occurs through two processes, 

urea flux via the ornithine cycle in periportal hepatocytes and glutamine synthesis in 

perivenous hepatocytes (Meijer et al., 1990; Lobley and Milano, 1997; van de Poll et al., 

2004).  Urea flux is responsible for the majority of ammonia detoxification with 

glutamine synthesis acting as a scavenging system in situations where the ornithine cycle 

is overwhelmed (Groff and Gropper, 2000; van de Poll et al., 2004).  Urea synthesis 

occurs mainly in the liver although recent work has suggested that pig enterocytes are 

also capable of urea synthesis (Wu, 1995).  Indeed, the presence of all enzymes involved 

in urea flux (carbamoyl phosphate synthase I, ornithine carbamoyl transferase, 

argininosuccinate synthase, argininosuccinate lyase, and arginase) has been demonstrated 
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in enterocytes of pigs (Van Der Meulen and Jansman, 1997).  The relative contribution of 

enterocytes to urea flux is likely insignificant when compared to the liver given that 

activity of these enzymes in enterocytes represents a small proportion (approximately 

3%) of that present in the liver (Wu, 1995; Davis and Wu, 1998; Bush et al., 2002; 

Blachier et al., 2007).  The presence of ornithine cycle enzymes has also been 

demonstrated in a number of extra-hepatic tissues, however, it has been suggested that 

the purpose of these enzymes is not urea synthesis directly but is instead production of 

other compounds, for example ornithine via arginase for polyamine and proline synthesis, 

and the synthesis of urea cycle precursors (Meijer et al., 1990; Eklou-Lawson et al., 

2009).  In addition, a net release of alanine, ammonia, ornithine, citrulline, and proline 

with glutamine nitrogen as precursor has been demonstrated in the intestine 

(Windmueller and Spaeth, 1978).  The results of these studies suggests that the purpose 

of ornithine cycle enzymes and enzymes involved in glutamine metabolism in 

enterocytes and colonocytes is ammonia scavenge and transport for the purpose of 

providing precursors for liver urea flux.     

  

2.2.4.1 Urea recycling and site of urea entry into the gastrointestinal tract 

 

The major fate of urea in the pig is excretion in urine with greater than 70% of 

urinary nitrogen in the form of urea (Canh et al., 1997), the exact proportion being 

dependent on dietary protein content and acid-base balance (Groff and Gropper, 2000).  

However, it has been well established that a proportion of urea flux in animals, both 

monogastric and ruminant, enters into the gastrointestinal tract where it can be 

hydrolyzed by the resident microflora, a process generally referred to as urea recycling 
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(Mosenthin et al., 1992a; Jackson, 1995; Wickersham et al., 2009).  This is based on the 

observation that urinary urea excretion alone cannot account for the amount of urea 

produced in the animal.  There is no direct method of calculating urea recycling and so 

the difference between urea flux and urinary urea excretion is considered to represent the 

proportion of urea flux that is recycled.  Although the movement of urea into the gut has 

been extensively studied, there is no consensus as to the site of urea entry or how the flow 

of urea into the gut is accomplished.      

It is generally thought that the majority of urea hydrolysis, and thus urea recycling 

into the gut, occurs in the lower gut of pigs based on the large population of urease 

producing microflora in this part of the gastrointestinal tract (Vince et al., 1973).  

However, Miner-Williams et al. (2009) demonstrated that over 60% of nitrogen flow at 

the ileum represented microbial nitrogen, ammonia, and urea suggesting not only 

secretion of significant amounts of urea into the upper gut but also substantial upper gut 

microbial activity allowing for urea hydrolysis.  In a review of nitrogen content of 

gastrointestinal secretions, Buraczewski (1986) found that urea is present in salivary, 

gastric, pancreatic, and biliary secretions.  Using intravenous infusion of isotopic urea 

and digesta transfer between labelled and unlabelled pigs, Mosenthin et al. (1992a) 

determined that urea mainly enters the gastrointestinal tract via the stomach and small 

intestine.  This conclusion was based on the recovery of 
15

N in ileal digesta of unlabelled 

pigs and faeces of labelled pigs receiving unlabelled digesta in the lower gut which were 

2.9 to 3.1% and 0.13 to 0.21% of the infused dose, respectively.  It was also shown that 

the labelling of ammonia in colonic digesta could be eliminated when ileal digesta flow 

into the colon was prevented, which the authors suggested as evidence that ammonia 
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enrichment in the colon is due to flow of urea and ammonia from the upper gut 

(Mosenthin et al., 1992a).  Arguments against the possibility of a small intestinal source 

for colonic urea hydrolysis are based on inadequate urea flow at the terminal ileum to 

account for the amount of urea recycled into the gut [Gibson et al. (1976) and Chadwick 

et al. (1977) as referenced by Moran and Jackson (1990a)].  However, these studies 

appear to neglect the possibility of hydrolysis of urea in, and absorption of ammonia 

from, the upper gut in addition to the absorption of mAA from the upper gut.  Bergner et 

al. (1986a) also found that after isotope infusion, 
15

N recovery in ileal digesta was much 

higher than in caecal digesta while the recovery of 
15

N in colonic digesta was negligible.  

The low enrichment in colonic digesta and faeces was taken as evidence of low urea 

entry and hydrolysis in the lower gut of the pigs.   

Further evidence for the lack of urea entry into the colon was provided by 

Wolpert et al. (1971) and Bown et al. (1975) who showed that in humans the colon is 

virtually impermeable to urea whereas the stomach and small intestine show some degree 

of permeability (Ewe and Summerskill, 1965; Fleshler and Gabuzda, 1965).  In contrast, 

Moran and Jackson (1990a,1990b) showed that there was near complete absorption of an 

infused dose of 
15

N
15

N-urea from the colon and caecum, both as urea and as ammonia 

after hydrolysis by the gut microflora.  A major criticism of these studies is that evidence 

for colonic permeability to urea and, therefore, urea excretion and hydrolysis in the colon 

is based on absorption of urea from the colon.  The ability of the colon to absorb urea 

does not necessarily indicate permeability or that movement of a compound occurs in 

both the mucosal to serosal and serosal to mucosal direction.  Another criticism is that 

studies examining urea metabolism in the colon tend to involve either the cleansed colon 
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or isolated colonic tissues or colonocytes.  Normal digesta contents, both nutrients and 

microflora, may have an impact on transport capabilities and permeability of the gut 

(Houpt and Houpt, 1968).  Therefore, the results of such studies would have limited 

applicability to in vivo metabolism.   

Researchers have demonstrated the presence of active urea transporters in the 

colonocytes and enterocytes of mice (Stewart et al., 2004; Inoue et al., 2005), colonocytes 

of humans (Collins et al., 2010), and in the rumen of cattle and sheep (Stewart et al., 

2005; Kiran and Mutsvangwa, 2010).  There have been no studies to determine if urea 

transporters are present in the pig gastrointestinal tract.  If it is assumed that urea 

transporters are present in the pig colon the apparent discrepancy between the presence of 

active urea transporters in the gut mucosa and the lack of urea-derived ammonia in 

colonic digesta and faeces needs to be resolved.  A proposed explanation for the lack of 

evidence of urea entry into the lower gut is that in the lower gut hydrolysis of urea occurs 

at the mucosa (Wrong and Vince, 1984) while the association of urea with digestive 

secretions in the upper gut would allow for urea to more readily mix with luminal 

contents and digesta associated microflora (Bergner et al., 1986a; Mosenthin et al., 

1992a).  It is likely that urea entry occurs along the entire length of the gastrointestinal 

tract but the extent to which this urea is available to digesta associated microflora for de 

novo AA synthesis will vary.  

 

2.2.4.2 Extent of urea recycling 

 

While it is widely accepted that a proportion of urea flux is hydrolyzed within the 

gut, there is no agreement as to the extent of this recycling.  The amount of urea entry 
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into the gut may be substantial given the apparent concentration of urea in gut secretions 

and the amount secreted into the intestinal tract of the pig (Buraczewski, 1986).  Studies 

have reported values of urea recycling, as a percentage of urea flux, to be as low as 20% 

and as high as 50% in pigs and humans (Jackson et al., 1984; Thacker et al., 1984; 

Bergner et al., 1986b; Mosenthin et al., 1992a; Mosenthin et al., 1992b) and as high as 

98% in ruminants (Wickersham et al., 2008a).   It has been suggested that the amount of 

urea hydrolyzed in the gut is a constant percentage of urea flux (Thacker et al., 1984), is 

dependent on plasma urea concentration and gut ammonia concentration (Kiran and 

Mutsvangwa, 2010; Muscher et al., 2010), or is dependent on dietary nitrogen intake and 

requirements of the animal (Tanaka et al., 1980; Thacker et al., 1982; Hibbert et al., 

1995; Sarraseca et al., 1998; Lobley et al., 2000; Jackson et al., 2004; Wickersham et al., 

2008b; Wickersham et al., 2009).   

The interdependency between these factors has likely led to the lack of consensus 

in the literature.  For instance, plasma urea concentration is dependent on dietary protein 

quantity and quality relative to the pig’s AA needs and gut ammonia concentration is 

dependent on both FAAC in the gut, and thus dietary protein, and hydrolysis of urea 

entering the gut.  Urea can enter the gut through either gastrointestinal secretions, such as 

saliva, pancreatic juice, and bile, as well as directly through the gut epithelium and, 

therefore, factors affecting gut entry will likely be involved.  In ruminants, it has been 

suggested that the mechanisms for urea transfer into the gut may become saturated at 

high plasma urea concentrations and that movement of urea into the gut is dependent on a 

concentration gradient that favours gut entry.  Rumen ammonia concentrations also 

appear to have an inhibitory effect on urea transfer (Muscher et al., 2010), likely exerting 



21 

 

this effect through inhibition of microbial urease activity resulting in an increase in gut 

urea concentration. 

A common issue in many studies is the negative correlation or lack of correlation 

between rate of urea recycling and the proportion of urea flux that is recycled.  For 

example, Picou and Phillips (1972) found that when malnourished children were 

switched from high protein to low protein diets there was an increase in the percentage of 

urea flux that was recycled into the gut but the overall rate of urea recycling decreased.  

Similarly, Thacker et al. (1982) found that when graded levels of dietary protein were fed 

to pigs, rate of urea recycling was highest on the high protein diet but proportion of urea 

recycled was highest with the low protein diet.  This was also found in a study in which 

feeding of a high protein diet was simulated through intravenous infusion of urea 

(Mosenthin et al., 1992a).  In another study it was found that the amount of urea 

produced that was recycled into the gut was not affected by feeding dietary protein with a 

low AA availability (Thacker et al., 1984).  This would suggest that urea recycling is 

dependent on a number of factors including dietary nitrogen content, AA availability, and 

plasma urea concentration. 

 

2.2.4.3 Fate of recycled urea 

 

The ammonia liberated from recycled urea due to microbial hydrolysis in the 

gastrointestinal tract will be subject to three fates: 1) reabsorbed and reutilized for urea 

flux, 2) excreted in faeces, or 3) utilized for anabolic processes, such as mAA synthesis in 

both the upper and lower gut and endogenous synthesis of dAA (Lobley et al., 2000).  

While the proportion of recycled urea that meets each of these fates has not been 
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determined in pigs, estimates of the amount of hydrolyzed urea that is reabsorbed, 

excreted, and used for anabolism has been determined in humans (Jackson et al., 1984), 

cats (Russell et al., 2000),  and ruminants (Lobley et al., 2000; Wickersham et al., 2009; 

Kiran and Mutsvangwa, 2010).  

Of greatest interest is the proportion of recycled urea that is utilized for anabolic 

processes as this represents a possible benefit to the animal.  The large microbial 

population and the pre-intestinal location of the reticulo-rumen provide the ruminant with 

a superior ability to benefit from urea recycling and nitrogen salvage through mAA 

synthesis.  In situations of reduced dietary protein quality, it has been estimated that 

greater than 70% of the urea recycled into the gut of ruminants is used for anabolism 

(Wickersham et al., 2008a).  While not as efficient, monogastrics are still able to utilize a 

large proportion of hydrolyzed urea for anabolic processes.  In a study in fasted humans 

measuring the direct incorporation of 
15

N from ammonium chloride to plasma urea and 

AA it was demonstrated that more than 50% of the administered label was incorporated 

into AA (Patterson et al., 1995) suggesting that the majority of recycled urea is used for 

anabolic processes.  This is similar to the estimated 48% urea utilized in anabolic 

pathways observed by Jackson et al. (1984) and 50% observed by Picou and Phillips 

(1972) in humans.  Even cats, as obligate carnivores with a high degree of AA catabolism 

and urea flux due to high protein diets, have the ability to salvage nitrogen through urea 

recycling, with between 26 and 43% of recycled urea utilized in anabolic pathways 

(Russell et al., 2000).  In the majority of studies, the proportion of urea that is 

hydrolyzed, absorbed, and re-enters the ornithine cycle is negatively correlated with the 

proportion that is utilized for anabolism.  The amount excreted in faeces remains 
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relatively low at less than 10% of gut entry (Jackson et al., 1984; Lobley et al., 2000; 

Russell et al., 2000; Wickersham et al., 2008a; Wickersham et al., 2009; Kiran and 

Mutsvangwa, 2010).  The ability of both monogastric and ruminant animals to salvage 

nitrogen is evident, however, the significance of mAA and endogenous AA synthesis 

with respect to the AA requirements of the animal needs to be determined.  

The majority of studies determining the fates of urea in different species have 

used an approach similar to that developed by Lobley et al. (2000).  This approach 

involves the intravenous infusion of 
15

N
15

N-urea with subsequent measurement of the 

15
N

15
N and 

14
N

15
N enrichment of urea in urine and 

15
N enrichment in faecal nitrogen.  

The appearance of 
14

N
15

N-urea is assumed to represent the proportion of ammonia from 

hydrolyzed urea that is reabsorbed and re-enters the ornithine cycle since the 

reincorporation of two 
15

N into the same urea molecule after hydrolysis is unlikely.  

Combined with direct measures of 
15

N excretion, this method allows for calculation of 

the proportion of recycled urea that is utilized for anabolic processes (Lobley et al., 

2000).  However, this method does not allow for distinction between mAA and 

endogenous AA synthesis since the proportion of recycled urea that is utilized for 

anabolic processes is determined by difference (the amount of 
15

N that is not accounted 

for).  This is further complicated by the fact that both dAA and iAA can be endogenously 

produced, given that the appropriate α-keto acids are provided for iAA synthesis.  Only 

lysine and threonine, which do not undergo transamination reactions in animals, can be 

distinguished as microbial in origin (Wrong and Vince, 1984).  This has important 

implications when determining the impact of mAA synthesis on meeting AA 

requirements of the pig.  It has generally been assumed that the anabolic fate of recycled 
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urea is mainly in the form of mAA synthesis, however, in a study of urea kinetics in 

cattle, Wickersham et al. (2009) found that the proportion of recycled urea that was 

utilized for anabolic processes was greater than the measured urea incorporation into 

microbial protein.  This would suggest that a proportion of recycled urea that is 

hydrolyzed in the gut is reabsorbed as ammonia and utilized for synthesis of endogenous 

AA or other non-protein compounds instead of being reincorporated into urea.  While this 

pathway would have implications with respect to nitrogen salvage, it is likely less 

significant with respect to meeting AA demands of the animal compared to microbial AA 

synthesis given that dAA would likely be the major product.  This pathway may be more 

significant when nitrogen deficient diets are fed to pigs, as in a diet with a high iAA:tN, 

than when diets limiting in iAA are fed.      

 

2.3 Impact of the intestinal microbial population on amino acid supply 

 

 The gastrointestinal tract of animals is colonized by a vast population of 

microorganisms that have both positive and negative influences on the nutrient supply to 

the host animal (Hooper et al., 2002).  Effects of the resident microflora on the gut 

include stimulation of host immunity, improvement of gut health through competitive 

exclusion of pathogenic microorganisms, and increasing epithelial turnover and mucous 

secretion (Richards et al., 2005).  Gut microflora are also responsible for breakdown of 

dietary components that are not susceptible to host digestion, such as fibre, providing 

nutrients such as short-chain fatty acids (SCFA), vitamins, and AA as well as ammonia 

that can be absorbed and utilized by the pig (Hooper et al., 2002; Richards et al., 2005) 
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Of particular interest is the availability of mAA.  It has been shown that pigs are 

capable of absorbing and utilizing mAA for protein synthesis (Torrallardona et al., 2003a, 

2003b).  Torrallardona et al. (2003a, 2003b) observed the incorporation of 
15

N from 

dietary 
15

N-ammonium chloride into body lysine, which was taken as evidence of the 

absorption and utilization of mAA for protein synthesis since lysine does not undergo 

transamination in the pig.  Whether mAA make a net contribution to the pig’s AA 

requirements will be dependent on the extent of mAA synthesis, the site of synthesis (i.e. 

upper vs. lower gut), and the source of nitrogen for AA synthesis (i.e. preformed dietary 

and endogenous AA vs. NPN) as well as the extent to which dietary and endogenous AA 

are lost due to FAAC. 

 

2.3.1 Benefit of microbial amino acid synthesis to the host 

 

While it has been established that pigs can absorb and utilize microbially 

produced AA, very few studies have been performed, either in pigs or humans, to 

quantify the contribution of mAA to the host AA supply.  In monogastrics, it is widely 

accepted that the site of the largest microbial population is the lower gut which lacks the 

ability to absorb AA and, therefore, the contribution of mAA to the host AA supply 

would be insignificant.  This is in contrast to ruminants where the largest microbial 

population, and, therefore, mAA synthesis is pre-intestinal (Clark et al., 1992).  However, 

the upper gut of pigs and humans is far from sterile.  Microbial counts increase along the 

gastrointestinal tract with around 10
2
/mL at the proximal small intestine and 10

9
/mL at 

the terminal ileum compared to 10
12

/mL in the lower gut (Jørgensen and Just, 1988; 

Metges, 2000).  While the microbial population in the upper gut may be small when 
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compared to that in the lower gut, Jensen (1988) found that the microbial activity in the 

upper gut was similar to that in the lower gut.  Therefore, the upper gut microbial 

population has the potential to make significant contributions to the available AA supply 

in monogastrics.  It has been suggested that humans consuming low quality protein rely 

on mAA synthesis to meet requirements, retaining greater than 30% of administered NPN 

in body protein (Rikimaru et al., 1985).  In addition, it has been demonstrated that 

replacement of high quality protein with a source of NPN allowed for the maintenance of 

nitrogen balance in adult humans (Kofranyi and Muller-Wecker, 1961; Kofranyi and 

Jekat, 1964).  The replacement of dietary protein with NPN in pigs has had variable 

success and it has been suggested that NPN can only be used as an alternative to dAA 

and that iAA must still be provided in the diet (Kornegay et al., 1970; Wehrbein et al., 

1970). 

Attempts have been made to determine if mAA synthesis contributes significantly 

to AA requirements in monogastrics.  In adult humans, Jackson et al. (2004) estimated 

that between 12 to 30 mg/kg/d lysine is available from microbial synthesis which is 

equivalent to the reported range for lysine requirements in humans.  It was also estimated 

that between 5 and 21% of lysine flux in plasma was microbial in origin (Metges et al., 

1999a; Metges et al., 1999b).  In pigs, Chiba et al. (1995) showed that carcass quality and 

lean tissue deposition were not different when low protein diets were supplemented with 

either lysine or urea.  Since lysine cannot be produced endogenously this provides 

indirect evidence that microbial lysine synthesis can contribute significantly to lysine 

requirements.  It has been estimated that between 0.9 and 1.3 g/d of microbial lysine is 

absorbed and retained in body tissues of growing pigs which was estimated to be 
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equivalent to approximately 10% of the daily requirement of a rapidly growing pig and 

equal to maintenance requirements in a fully grown pig (Torrallardona et al., 2003a).  It is 

obvious that mAA synthesis has the potential to contribute significantly to the AA supply 

in monogastrics.   

2.3.2 Site of microbial amino acid absorption 

 

Calculated estimates of absorption and utilization of microbially produced AA 

from isotope kinetics studies will be dependent on the level of labelling of AA at the site 

of absorption.  In addition, mAA synthesis will only contribute to the pig’s AA supply if 

synthesis occurs in a section of the gastrointestinal tract that exhibits significant AA 

absorptive capacity.  In rats, it was shown that the prevention of coprophagy eliminated 

the labelling of body AA suggesting that mAA synthesis and absorption occurs in the 

lower gut and coprophagy is necessary in order to benefit from this synthesis 

(Torrallardona et al., 1996).  However, in pigs (Torrallardona et al., 1994; Torrallardona 

et al., 2003a, 2003b) and humans (Tanaka et al., 1980; Jackson, 1995; Metges et al., 

1999a), animals that don’t generally practice coprophagy or where access to faeces has 

been restricted, the incorporation of labelled NPN into body protein has been observed.  

Assuming that body tissue enrichment would be the same or similar to that of the AA 

source at the location of absorption, Torrallardona et al. (2003b) compared the 

enrichment of body tissue AA to that of mAA in different sections of the gastrointestinal 

tract and found that the upper gut was the main site of mAA absorption.  When plasma 

lysine enrichment was determined in unlabelled pigs receiving labelled digesta in the 

duodenum or caecum, it was estimated that approximately 75% of microbial lysine 

absorption occurs in the small intestine with the remaining 25% from lower gut 
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(Torrallardona et al., 2003b).  When adjustments were made for the much higher 

enrichment of lysine in colonic digesta vs. small intestinal digesta, it was estimated that 

greater than 90% of microbial lysine absorption occurred in the small intestine 

(Torrallardona et al., 2003b) suggesting that the lower gut plays an insignificant role in 

the salvage of nitrogen and absorption of mAA.  However, this adjustment assumed 

absorption of intact lysine and did not consider the absorption of nitrogen with 

subsequent utilization in the upper gut for microbial lysine synthesis and absorption.  In 

addition, the 
15

N enrichment of lysine in donor ileal digesta was used to estimate caecal 

lysine enrichment which most likely does not represent the true enrichment of colonic 

lysine.  Caution should, therefore, be used when interpreting results of studies that may 

not use the appropriate AA precursor pool to estimate mAA absorption.  This is 

especially the case in human studies that tend to use faecal samples to estimate mAA 

enrichment at the site of absorption due to the invasive nature of digesta sampling. 

 

2.3.3 Source of nitrogen for microbial amino acid synthesis  

 

 The resident microflora is able to utilize NPN sources, such as urea and ammonia, 

or pre-formed AA from dietary and endogenous protein as sources of nitrogen for mAA 

and protein synthesis.  The extent of utilization of each of these sources will be dependent 

on the different microbial species present as well as dietary factors.  Use of pre-formed 

dietary and endogenous AA in general represents no net benefit to the animal in terms of 

AA supply as these AA would generally be absorbed and utilized by the animal without 

microbial interference.  There is even the possibility of a negative impact of the microbial 

population on animal performance if microbial use of pre-formed AA resulted in a 



29 

 

reduced AA supply or a change to the ideal protein ratio.  The whole-body AA profile in 

pigs (Kyriazakis et al., 1993) tends to be very similar to the AA profile in microbial 

protein in pig faeces (Metges et al., 1999a), which suggests that in general mAA 

synthesis would not have a significant impact on the profile of absorbed AA.  Pigs may in 

fact benefit from microbial utilization of endogenous AA since a large amount of AA 

secretion into the gastrointestinal tract is in the form of mucins which are resistant to 

digestive enzymes but are susceptible to microbial fermentation.  This would allow for 

salvage of secreted AA and nitrogen that would otherwise be excreted. 

 Of greater significance to AA supply to the pig is the utilization of NPN sources 

for mAA synthesis.  Gut microbes are capable of hydrolyzing urea that enters the gut 

(Vince et al., 1973), either through the gut wall or through gastrointestinal secretions, and 

utilizing the resulting ammonia for de novo mAA synthesis assuming appropriate 

precursors, such as dietary carbohydrates (Torrallardona et al., 2003a), are available for 

synthesis of the required carbon backbones.  The utilization of NPN for de novo AA 

synthesis represents a possibly significant nitrogen salvage pathway in pigs, given that 

the microbially produced AA are available for absorption and the impact of the microbial 

population on the gut does not outweigh the potential benefits of the increased AA 

supply.   

The relative contribution of ammonia vs. dietary and endogenous protein to mAA 

synthesis has been determined in the upper gut of pigs.  By infusing 
13

C-valine and 

15
N

15
N-urea to label the endogenous valine and urea pools and comparing the isotope 

enrichment in the endogenous pools to gut microbes, Libao-Mercado et al. (2009) 

determined that dietary and endogenous AA were the main precursors for microbial AA 
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synthesis and that less than 10% of mAA synthesis represented de novo synthesis from 

NPN.  Of interest was the finding that dietary AA were the main precursors for AA 

synthesis in digesta-associated microbes and endogenous AA were the main precursors 

for AA synthesis in mucosa-associated microbes (Libao-Mercado et al., 2009).  These 

results are similar to those reported by Bartelt et al. (1999) who found that 50 to 72% of 

microbial protein nitrogen in ileal digesta of pigs was of endogenous origin with the 

remaining being pre-formed dietary AA.  However, the method used by Bartelt et al. 

(1999) did not allow for the contribution of endogenous AA and urea to the overall 

endogenous contribution to mAA to be distinguished.  In ruminants it has been shown 

that under conditions of restricted protein intake recycled urea-nitrogen represents 

between 25 and 42% of total microbial nitrogen (Wickersham et al., 2008a; Wickersham 

et al., 2008b; Wickersham et al., 2009).  However, it has also been shown that as little as 

12% of microbial nitrogen is derived from endogenous urea (Ouellet et al., 2002).  

Atasoglu et al. (1999) demonstrated that incorporation of NPN into microbial protein was 

higher in the absence of preformed AA and decreased when preformed AA were added to 

the growth medium.  The differences in the amount of NPN incorporated into microbial 

protein may be dependent on the predominant microbial species.  Dai et al. (2010) found 

that the predominant microbial species in intestinal cultures changed depending on 

whether AA or NPN were included in the growth medium indicating that utilization of 

different nitrogen sources may be dependent on the ability of microbes to utilize AA vs. 

NPN.  Likewise Atasoglu and Wallace (2002) found that the de novo production of AA 

from NPN by rumen microbes was dependent on the microbial species and that some 

species can regulate NPN incorporation while others incorporate a constant proportion of 
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NPN.  The results of these studies would suggest that gut microbes are opportunists, 

utilizing the most readily available and most convenient source of nitrogen to meet their 

own needs but that some species of gut microbes may be able to utilize different sources 

of nitrogen for mAA synthesis.  It is possible that de novo synthesis of AA occurs only 

when the AA profile does not match the requirements of the microbial population or 

when sources of intact AA are deficient, such as in low protein diets. 

 

2.3.4 Fermentative catabolism of dietary and endogenous amino acids 

 

Ammonia in the gastrointestinal tract is derived from microbial hydrolysis of urea 

or microbial fermentation of dietary and endogenous proteins (Vince et al., 1973).  The 

extent to which dietary and endogenous protein is fermented in the upper gut by the 

resident microflora will have an impact on estimates of bioavailable AA intake as well as 

AA utilization efficiency.  Fermentative losses of AA in the upper gut will result in an 

overestimation of AA bioavailability based on measures of digestibility.  Fermentative 

AA catabolism in the lower gut will not influence AA bioavailability estimated from ileal 

digestibility values, however, an increase in turnover of the colonic epithelium and mucin 

synthesis and microbial FAAC may have an impact on AA utilization efficiency for body 

protein synthesis (Zhu et al., 2003; Libao-Mercado et al., 2006; Libao-Mercado et al., 

2007).   

Due to the knowledge of urea entry into the gut and the subsequent hydrolysis by 

microbial urease, it was thought that recycled urea was the major source of intestinal 

ammonia.  However, studies have shown that protein, both dietary and endogenous, and 

not urea is the major substrate for intestinal ammonia production (Wrong and Vince, 
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1984; Wrong et al., 1985; Mouille et al., 2004; Libao-Mercado et al., 2009).  Based on 

isotopic urea infusion, it was determined that the contribution of urea hydrolysis to faecal 

ammonia in humans is less than 10%, which was taken as evidence of low contribution to 

colonic ammonia production (Wrong and Vince, 1984; Wrong et al., 1985).  It has also 

been shown that an increase in protein flow into the lower gut results in an increase in 

digesta ammonia concentration (Mouille et al., 2004) providing evidence that protein is 

the major substrate for gut ammonia production. 

Unfortunately, the impact of FAAC in the upper gut has largely been ignored 

despite the potential for having a greater impact on estimates of AA bioavailability when 

compared to FAAC in the lower gut.  As in studies on the lower gut, Libao-Mercado et 

al. (2009) determined that greater than 70% of ammonia production at the terminal ileum 

was due to fermentation of dietary and endogenous protein and not due to urea 

hydrolysis.  Based on measured ammonia flow at the ileum it was estimated that 2.1 g of 

protein per kg DMI is catabolized by gut microbes (Libao-Mercado, 2007).  Libao-

Mercado (2007) stated that this was likely an underestimation of ammonia generation due 

to the absorption and utilization of ammonia prior to the ileum.  Amino acid losses due to 

microbial fermentation may be extensive.  In his review, Wu (2009) suggested that the 

reported 30% catabolism of AA by enterocytes in vivo and the lack of in vitro catabolism 

and activity of AA degrading enzymes for these AA (histidine, lysine, methionine, 

phenylalanine, threonine, tryptophan) in enterocytes shows that the catabolism of AA is 

due to FAAC by intestinal microbes. The extent of fermentation will also depend on the 

individual AA, with lysine and arginine being rapidly fermented and methionine, 

cysteine, and branched-chain AA, being slowly or incompletely fermented (Smith and 
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Macfarlane, 1997; Dai, et al., 2010; Dai, et al., 2012).  Fermentative AA catabolism may 

have a substantial impact on the bioavailable AA supply and requires further 

investigation.   

 

2.4 Dietary effects on intestinal nitrogen metabolism 

2.4.1 Impact of dietary fibre 

 

Dietary fibre is defined as the plant polysaccharides that are resistant to digestion 

by mammalian enzymes (Groff and Gropper, 2000; Bindelle et al., 2008).  Intestinal 

microbes are capable of degrading fibre mainly in the lower gut, however, it has been 

shown that a significant amount of fibre degradation can occur in the upper gut (Grieshop 

et al., 2001).  The NSP, the carbohydrate component of fibre, represent a wide range of 

non-digestible carbohydrates that are associated with plant cell walls and include 

cellulose, hemicellulose, β-glucans, pectins, fructans, and inulins (Bindelle et al., 2008).  

In addition, a proportion of ingested starch may bypass upper gut digestion and pass into 

the lower gut, referred to as resistant starch, may be considered part of the fibre fraction 

(Groff and Gropper, 2000; Bindelle et al., 2008).  Dietary fibre has been shown to have 

effects on digestive enzyme activity, turnover of intestinal epithelium, intestinal 

secretions (Mosenthin et al., 1994), and nutrient digestibility (Dierick et al., 1986b; 

Souffrant, 2001).  The effects of dietary fibre are a result of its physicochemical 

properties including solubility, gel-formation, viscosity, fermentability, water-holding 

capacity, and the ability to physically enclose nutrients (Souffrant, 2001; Wenk, 2001; 

Bindelle et al., 2008), although how these properties interact with the gastrointestinal 

tract is poorly understood.   



34 

 

In general, inclusion of dietary fibre has been shown to result in a decrease in both 

apparent ileal and apparent faecal nutrient digestibility (Dierick et al., 1986b; Souffrant, 

2001).  It is thought that this reduction in digestibility is due to a number of factors 

including increased endogenous secretions (Morel et al., 2003), impairment of nutrient 

absorption (Dierick et al., 1986b), and an increase in nitrogen incorporation in microbial 

protein with subsequent secretion (Mosenthin et al., 1994).  Fibre may also have an 

impact on the utilization efficiency of absorbed AA for body protein deposition.  Libao-

Mercado et al. (2006) found that the efficiency of utilization of standardized ileal 

digestible threonine intake for body protein deposition was reduced when pigs were fed 

diets in which casein had been replaced by wheat shorts.  It was suggested that this was 

due to the high NSP content of wheat shorts.  This was confirmed in a follow-up study in 

which graded levels of pectin, a highly fermentable NSP, were fed to pigs.  In this study 

it was shown that there was an increase in the fermentative loss of threonine in pigs with 

increasing dietary NSP (Zhu et al., 2005).  This fermentative loss was most likely due to 

an increase in colonic mucosal protein synthesis (Libao-Mercado et al., 2007), a 

conclusion supported by Hedemann et al. (2009) who found that the mucous layer was 

thicker in the colon of rats fed high-fibre diets.  The high threonine content of mucins 

combined with the susceptibility of mucins to microbial degradation (Lien et al., 2001) 

would explain the decrease in utilization efficiency of threonine.  Consideration should 

be given to the diet effects on the utilization of standardized ileal digestible AA intake 

when formulating high-fibre diets for pigs.   

Fibre is susceptible to fermentation by gut microbes and can, therefore, have a 

significant impact on the gut microbial population by providing an alternative energy 
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source for microbial growth (Metges, 2000).  Energy availability, and not nitrogen, from 

fermentable substrates has been shown to be a limiting factor for microbial protein 

synthesis (Oba and Allen, 2003) and, therefore, the increase in available energy from 

fibre may result in an increase in microbial population and activity (Wenk, 2001).  

Indeed, based on ATP concentration, Jørgensen and Just (1988) showed that microbial 

activity in the lower gut increased with added dietary fibre, which may have implications 

with respect to mAA synthesis and nitrogen salvage.  The use of fibre as an alternative 

energy source for gut microbes appears to reduce the utilization of dietary and 

endogenous protein as an energy source, however, this may depend on the type of dietary 

fibre.  The inclusion of sugar beet pulp has been shown to reduce the ammonia 

concentration in both ileal (Bikker et al., 2006) and colonic digesta (Jeaurond et al., 2008) 

suggesting that there was a reduction in FAAC by gut microbes but Lupton and Marchant 

(1989) showed that the inclusion of pectin resulted in an increase in colonic ammonia 

concentration.  A decrease in the FAAC in the upper gut may result in an increase in 

available AA supply to the pig.  The products of microbial fermentation of NSP include 

hydrogen, carbon dioxide, and methane gases as well as SCFA which can be absorbed 

and metabolized by the pig (Cummings and Macfarlane, 1997; Wenk, 2001).  Short-chain 

fatty acids, especially butyrate, are an important source of energy for intestinal epithelial 

cells (Swanson et al., 2002).  The extent of SCFA production and the proportion of 

acetate, propionate, and butyrate produced are dependent on the type of dietary fibre 

present (Cummings and Macfarlane, 1997).  In general, greater than 90% of SCFA 

produced are absorbed in the lower gut (Bindelle et al., 2008) and it is estimated that 

SCFA contribute to approximately 25% of the maintenance energy requirement of the pig 
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(Yen et al., 1991; Grieshop et al., 2001).  In germ-free rats it has been shown that there is 

a 30% increase in energy intake required for maintenance compared to rats with an intact 

intestinal microbial population (Wostmann et al., 1983). 

  A common finding in studies examining the impact of dietary fibre on nitrogen 

excretion is a shift in excretion of nitrogen in urine to excretion in faeces (Langran et al., 

1992; Bindelle et al., 2009; von Heimendahl et al., 2010).  This increase in faecal 

nitrogen excretion is due to the incorporation of ammonia into microbial protein due to an 

increase in energy availability (Gargallo and Zimmerman, 1981; Mosenthin et al., 1994; 

Jha et al., 2011).  In an in vitro study, Jha et al. (2011) demonstrated a direct correlation 

between the fermentability of dietary fibre, and thus SCFA production, and the rate of 

ammonia incorporation into microbial protein.  An increase in the incorporation of 

ammonia into mAA has also been observed in ileal microbes in pigs fed high-fibre diets 

(Libao-Mercado et al., 2009).  Increasing dietary fibre has, therefore, been suggested as a 

possible method for reduction of ammonia emissions from swine effluent (Canh et al., 

1999; Bindelle et al., 2008).  Zervas and Zijlstra (2002) suggested that since fermentable 

fibre can be utilized as an energy source and ammonia utilized as a nitrogen source for 

mAA synthesis, the shift in nitrogen excretion is due to a reduction in ammonia 

absorption and urea synthesis and an increase in ammonia utilization for mAA synthesis.  

O'Connell et al. (2005) also observed a decrease in fermentation of dietary protein when 

the amount of fermentable fibre was increased in diets for finisher pigs.  However, the 

reduction in colonic digesta ammonia concentration observed by Jeaurond et al. (2008) 

was not accompanied by a reduction in plasma urea concentrations, suggesting that the 

shift in nitrogen excretion in urine is due to an increase in urea hydrolysis in the gut and 
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not a reduction in protein fermentation.  This is also indicated in a study in humans in 

which guar gum resulted in a shift in nitrogen excretion with no change to plasma urea 

concentration (Mariotti et al., 2001).  An increase in dietary fibre has been shown to 

increase endogenous secretions such as saliva, gastric juice, bile, and pancreatic juice 

(Wenk, 2001) which have been shown to have high concentrations of urea (Buraczewski, 

1986) and may result in an increase in gut urea hydrolysis and utilization of nitrogen for 

de novo mAA synthesis.  In addition to an increase in nitrogen entry to the gut, it has also 

been suggested that fibre fermenting microbes will utilize ammonia as the sole source of 

nitrogen for mAA synthesis (Oba and Allen, 2003).  Libao-Mercado et al. (2009) found 

that dietary and endogenous AA remained the primary source of nitrogen for mAA 

synthesis at the terminal ileum regardless of dietary fibre content.  However, there was an 

increase in the amount of de novo mAA synthesis from ammonia-nitrogen (Libao-

Mercado et al., 2009).  It would appear that dietary fibre may have an impact on the 

salvage of nitrogen in monogastrics. 

 

2.4.2 Impact of dietary protein 

 

The digestibility of dietary AA is independent of dietary protein level (NRC, 

2012), however, dietary protein may have a significant impact on the activity of the 

gastrointestinal microflora and, therefore, the nitrogen metabolism and AA supply to the 

host (Heo et al., 2008).  A decrease in the excretion of nitrogen has clearly been 

demonstrated in pigs fed a diet with reduced protein.  It has been estimated that nitrogen 

excretion can be reduced by approximately 10% for each percentage reduction in dietary 

crude protein (Le Bellego et al., 2001).  This decrease is the result of a number of factors 
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including a reduction in the endogenous catabolism and excretion of excess AA as well 

as a reduction in the amount of FAAC by gut microbes, resulting in a decrease in faecal 

ammonia and urinary nitrogen excretion (Heo et al., 2008).  In addition to reducing 

nitrogen excretion, dietary protein may influence microbial activity within the 

gastrointestinal tract. Microbial degradation of protein results in the formation of a 

number of metabolites, including ammonia, branched-chain fatty acids, indoles, phenols, 

amines, and sulphides (Jensen, 2001), some of which have been shown to have possible 

negative effects on the gastrointestinal tract and growth performance of the pig (Blachier 

et al., 2007).  Moreover, as mentioned previously, microbial catabolism of AA may result 

in a significant reduction in the AA supply to the host.  It has been demonstrated that 

reducing dietary protein content results in a reduction in the digesta ammonia 

concentration and the concentration of volatile fatty acids, indicating a reduction in 

microbial activity in the small intestine (Nyachoti et al., 2006).  In addition to reducing 

the possible negative health effects of fermentative metabolites, a reduction in the amount 

of AA lost due to FAAC will increase the AA supply to the host.  Moreover, decreasing 

the dietary protein content and altering dietary AA balance has been suggested as a 

strategy for reducing the environmental impact of swine production by limiting the 

amount of nitrogen that is excreted with manure (Verstegen and Jongbloed, 2003). 

Feeding reduced protein diets that have been supplemented with crystalline AA in 

order to maintain the ideal iAA profile has been shown to reduce nitrogen excretion  as 

well as decreasing the incidence of diarrhea in newly-weaned pigs due to a reduction in 

protein fermentation metabolites and the proliferation of pathogenic microbes in the 

lower gut (Otto et al., 2003; Nyachoti et al., 2006; Htoo et al., 2007; Heo et al., 2008).  A 
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severe reduction in dietary protein, however, results in decreased growth performance 

and nitrogen retention regardless of AA supplementation (Otto et al., 2003) indicating a 

limit to the pig’s ability to compensate for nitrogen deficiency.  It is likely that the further 

reductions in dietary protein result in AA insufficiency that cannot be overcome through 

AA synthesis from both endogenous (dAA) and microbial sources (dAA and iAA).  

The ability to salvage nitrogen through urea hydrolysis and microbial protein 

synthesis is likely largely dependent on the dietary protein content and protein quality.  

As stated previously, urea entry into the gut and utilization for mAA has been linked to 

dietary protein content in a number of species including humans, pigs, rats, and cattle.  

Indeed, the ability of animals to overcome nitrogen deficiency through utilization of NPN 

has been clearly demonstrated (Rikimaru et al., 1985; Jackson, 1995; Meakins and 

Jackson, 1996) although the exact mechanism involved in the enhancement of nitrogen 

salvage with low protein diets is poorly understood.  In pigs, Bartelt et al. (1999) 

observed an increased incorporation of endogenous nitrogen into microbial protein at the 

ileum when dietary protein was reduced from 19 to 12%, suggesting that there is an 

increase in mAA synthesis from NPN during nitrogen deficiency.  It has been 

hypothesized that there is an increase in urea recycling in animals with reduced nitrogen 

intake and that this increase is due to an upregulation of urea transporters in the 

gastrointestinal tract but the results of these studies are inconsistent (Inoue et al., 2005; 

Reynolds and Kristensen, 2008).  In sheep, urea transfer into the gut has also been shown 

to be increased at low levels of plasma urea nitrogen which in turn is decreased when 

protein intake is reduced (Muscher et al., 2010).  The observed reduction in protein 

fermentation and, therefore, digesta ammonia concentration with low protein diets may 
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also lead to an increase in urea transfer to the gut given the demonstrated ability of 

ammonia to inhibit gut urea entry (Muscher et al., 2010).  In ruminants, it has been 

suggested that a minimum level of protein is required in the diet in order to meet the 

needs of the rumen microbial population (Tamminga et al., 1995).  It is likely that there is 

a similar requirement for the microbial population in both the upper and lower gut of 

monogastrics and increased use of NPN may be necessary to meet these requirements 

with low protein diets.  Dietary protein may be an important means to modulate microbial 

utilization of NPN and improve nitrogen salvage in pigs. 

 

2.5 Summary 

 

 The salvage of nitrogen is an important aspect of monogastric nutrition especially 

with respect to reducing nitrogen excretion with manure and the environmental 

sustainability of swine production.  The upper gut microbial population of pigs may have 

significant impact on the available AA supply, both negatively through fermentative 

catabolism of dietary and endogenous protein and positively through utilization of urea 

and ammonia for de novo synthesis of mAA which can then be absorbed and utilized by 

the pig.  The ability of pigs to utilize nitrogen absorbed from the lower gut for protein 

deposition will be dependent on the form in which this nitrogen is absorbed.  Dietary 

protein and fibre content may have a significant impact on gut microbes and the impact 

of this population on AA availability for protein deposition in the pig. 
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3.0 RATIONALE AND RESEARCH OBJECTIVES  

 

Improvements in our understanding of the factors affecting nitrogen and amino 

acid (AA) bioavailability and utilization in growing pigs is essential for the determination 

of nutrient requirements and effective diet formulation.  Fermentative AA catabolism 

(FAAC) in the upper gut and lower gut nitrogen supply are two factors that may have 

significant impacts on the AA economy of the pig and have not yet been explored in 

detail.   

Pigs are capable of absorbing and utilizing microbially produced AA and it has 

been estimated that microbial AA may contribute up to 10% of lysine maintenance 

requirements (Torrallardona et al., 2003a).  However, whether microbial AA result in a 

net contribution to the host’s AA supply is dependent on the source of nitrogen for AA 

synthesis and the extent to which the gut microflora catabolise AA for energy and de 

novo AA production.  Previously, it was shown that microbes preferentially use 

preformed dietary and endogenous AA and not non-protein nitrogen sources such as urea.  

It was also estimated that up to 2.1 g/kg DMI of protein is fermented by microbes (Libao-

Mercado, 2007), representing a loss to the host.  To date, accurate estimates of FAAC are 

not available and the extent to which diet composition, such as fibre and protein content, 

effects FAAC in the upper gut of pigs has not been examined.   

 It has generally been accepted that lower gut nitrogen disappearance has little 

nutritional significance.  This is based on the results of studies in which AA supplied to 

the lower gut of pigs has had little or no impact on whole-body nitrogen balance.  These 

results are contradicted, however, by studies which have demonstrated the presence of 

AA transporters in and AA uptake by colonocytes.  If AA are absorbed intact from the 
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lower gut then AA bioavailability in feedstuffs and diet formulations should account for 

this.  It has been suggested that lower gut nitrogen is absorbed as ammonia and largely 

lost through urinary excretion (Fuller and Reeds, 1998).  However, nitrogen absorbed 

from the lower gut as ammonia may be recycled into the upper gut as urea which can 

then be utilized by microbes for de novo AA synthesis.  This may be an important 

nitrogen salvage mechanism during times of dietary AA or nitrogen deficiency.   

The studies presented in this thesis were designed to address the hypothesis that 

the upper gut microflora contributes significantly to FAAC and that this fermentation can 

be modulated via changes in dietary fibre and protein content.  In addition, it was 

hypothesized that lower gut nitrogen absorption is in the form of ammonia and that this 

nitrogen can be recycled into the upper gut and utilized by resident microflora for AA 

synthesis improving nitrogen retention in pigs fed a valine-limiting diet.  Among 

indispensable AA, the potential contribution of microbial AA production to whole-body 

nitrogen balance was estimated to be largest for valine.  

 

The specific objectives of the studies reported in this thesis were to: 

1. Estimate FAAC in the upper gut of growing pigs (Chapter 4); 

2. Determine the effect of dietary fibre (pectin) and protein intake on FAAC in the 

upper gut of growing pigs and whole-body urea kinetics (Chapter 4); 

3. Determine the impact of lower gut nitrogen supply on apparent ileal digestibility 

of nitrogen and AA in growing pigs (Chapter 5); and, 

4. Determine the impact of lower gut nitrogen supply on whole-body nitrogen 

balance and urea kinetics in growing pigs fed a valine-limiting diet (Chapter 6). 
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4.0 ESTIMATING FERMENTATIVE AMINO ACID LOSSES IN THE UPPER

 GUT OF GROWING PIGS
2
 

 

4.1 Abstract 

Fermentative catabolism of dietary and endogenous amino acids (AA) in the 

upper gut (FAAC) can result in significant loss of AA available for protein synthesis and 

body maintenance functions in pigs.  A continuous infusion study was performed using 

isotope tracers to determine ammonia flux in the upper gut, whole-body urea flux, urea 

recycling (urea flux – urinary urea excretion), and FAAC (ammonia flux in the upper gut 

– urea recycling) in ileal-cannulated growing pigs fed a control diet (CON, 18.6% CP; n 

= 6), a high fibre diet with 12% added pectin (HF, 17.6% CP; n = 4) or a low protein diet 

(LP, 13.4% CP; n = 6).  
15

N-ammonium chloride (0.8 mmol/kg BW/d) and 
13

C-urea (0.2 

mmol/kg BW/d) were infused intragastrically and intravenously, respectively, for a 

period of 4 d.  Ileal ammonia flow was lower in CON and LP compared to HF fed pigs 

(0.24, 0.39, and 0.14 mmol N/kg/d for CON, HF, and LP, respectively; P < 0.05).  

Reducing dietary protein intake decreased (P < 0.05) urea flux (25.3, 25.7, and 10.3 

mmol N/kg BW/d), urinary urea excretion (14.4, 15.0, and 6.2 mmol N/kg BW/d), and 

urea recycling to the gut (12.1, 11.3, and 3.23 mmol N/kg BW/d).  There was no 

treatment effect on the proportion of urea flux that was recycled to the gut (42.7, 40.7, 

and 35.2 %; P > 0.05).  
15

N enrichments in blood urea (3.10, 4.46, and 4.89 MPE) were 

higher than in ileal ammonia (0.45, 0.23, and 0.95 MPE) suggesting a rapid absorption of 

ammonia prior to the distal ileum and lack of uniformity of enrichment in the digesta 

ammonia pool.  Simple isotope dilution calculations based on 
15

N enrichment in digesta 

                                                 
2
 Published in part: Columbus D., J.P. Cant, and C.F.M. de Lange. 2010. Estimating fermentative amino acid 

losses in the upper gut of pigs. Livest. Sci. 133:124-127. 
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ammonia are, therefore, inadequate for calculating FAAC and ammonia flux in the upper 

gut of pigs.  A static two-pool model was then developed to determine possible value 

ranges for nitrogen flux in the upper gut assuming rapid absorption of ammonia.  

Maximum estimated FAAC based on this model was lower when dietary protein content 

was decreased (32.9, 33.4, and 17.4 mmol N/kg BW/d; P < 0.001).  Both minimum (5.19, 

4.88, 2.26 mmol N/kg BW/d) and maximum (19.1, 19.1, and 12.3 mmol N/kg BW/d) 

estimates of nitrogen incorporation into microbial AA were reduced on the LP diet (P < 

0.05).  There was no impact of dietary fibre on estimates of upper gut nitrogen flux (P > 

0.05).  In the current study, conventional isotope dilution was inappropriate for 

calculating FAAC.  The two-pool model developed allows for estimation of FAAC but 

still has limitations.  Quantifying FAAC in the upper gut of pigs offers a number of 

challenges but warrants further investigation. 

 

4.2 Introduction 

Fermentative catabolism (FAAC) of dietary and endogenous amino acids (AA) in 

the upper gut (stomach and small intestine) can result in significant loss of AA available 

for protein synthesis and body maintenance functions in pigs.  Libao-Mercado et al. 

(2009) determined that greater than 70% of ammonia recovered at the terminal ileum was 

derived from FAAC and was equivalent to a loss of 2.1 g of protein per kg of DMI.  The 

extent of FAAC should be accounted for when estimating AA bioavailability and 

requirements of pigs.  Most of the ammonia produced from FAAC will be absorbed by 

the host animal, converted to urea, and excreted in urine.  However, it has been suggested 

that monogastrics fed low protein or low quality protein diets may be able to salvage non-
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protein nitrogen (NPN) through recycling of urea into the gastrointestinal tract where the 

urea will be hydrolyzed to ammonia and used for de novo AA synthesis by microbes in 

the upper gut, providing AA to the host (Rikimaru et al., 1985; Jackson, 1995; Meakins 

and Jackson, 1996; Libao-Mercado et al., 2007; Libao-Mercado et al., 2009).  

The activity and diversity of the microbial population in the digestive tract of pigs 

can be manipulated through changes in dietary composition, for example in dietary fibre 

and protein content.  An increase in dietary fibre content of a diet can result in increased 

endogenous AA losses (EAAL) (Morel et al., 2003), impaired nutrient absorption 

(Dierick et al., 1986b), increased nitrogen incorporation into microbial protein, and 

increased microbial protein flow at the distal ileum (Mosenthin et al., 1994).  However, 

dietary fibre may provide an alternative substrate to meet the energy requirements of the 

enteric microbial population and, therefore, reduce their reliance on AA fermentation as 

an energy supply (Zervas and Zijlstra, 2002; Oba and Allen, 2003; Jha et al., 2011).  A 

reduction in dietary protein content may compel microbes to utilize de novo AA synthesis 

to meet microbial protein production demands (Rikimaru et al., 1985).  Both of these 

dietary changes would result in an increase in the proportion of AA intake that is 

available for absorption and thus for post-absorptive utilization (Nyachoti et al., 1997; 

Libao-Mercado et al., 2007; Libao-Mercado et al., 2009).   

To date, no estimates of FAAC are available for pigs and dietary effects on upper 

gut microbial activity have largely been ignored.  It was hypothesized that inclusion of a 

fermentable fibre or reducing the dietary protein content would result in a reduction in 

AA losses due to FAAC.  Therefore, the objectives of this study were to explore 
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approaches to estimate FAAC losses in the upper gut of growing pigs and to determine 

the impact of dietary fibre and protein content on FAAC in the upper gut of growing pigs. 

 

4.3 Materials and methods 

 

4.3.1 Animals, diets, and general experimental design 

A total of 15 barrows were obtained from the Arkell Swine Research Station at 

the University of Guelph (Guelph, ON, Canada) in 2 separate groups.  Group 1 (period 1 

and 2) consisted of 6 barrows with an initial BW of 19.9 kg (SD = 0.99) and group 2 

(period 3) consisted of 9 barrows with an initial BW of 22.4 kg (SD = 0.90).  All pigs 

were housed in smooth sided metabolic crates in a temperature controlled room kept at 

21
o
C for the duration of the study (Möhn et al., 2000).  Pigs were randomly assigned one 

of three dietary treatments (Table 4.1): a cornstarch-soybean meal based control diet 

(CON), a high fibre diet in which 12% pectin was added at the expense of cornstarch 

(HF), or a low protein diet in which soybean meal was partially replaced by cornstarch 

(LP).  Synthetic AA were added to diets as needed in order to meet indispensable AA 

requirements based on nutrient to NE ratio (NRC, 1998).  The diets were formulated 

based on nutrient contents of ingredients according to NRC (1998), except for NE values 

which were obtained from CVB (2003).  The DE and NE of pectin were assumed to be 

2% (Zhu et al., 2003) and 25% (de Lange and Birkett, 2005) lower than cornstarch, 

respectively.  All diets contained titanium dioxide as an indigestible marker (Myers et al., 

2004). 

Pigs on CON and LP were fed at 90% of voluntary daily DE intake according to 

NRC (1998).  Nutrient content of the HF diet and daily feed allowance in the HF fed pigs 
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was adjusted to account for the reduced NE content of the HF diet in order to maintain 

isocaloric and isonitrogenous intake across treatments.  Pigs were given their daily ration 

as a wet mash in 2 equal meals per day during the adaptation period and 8 meals per day 

(every 3 h starting at 0800 h) during the infusion period in order to maintain metabolic 

steady state conditions (Nyachoti et al., 2000).  Pigs were allowed to adapt to their diets 

for at least one week prior to the infusion of isotopes. 

 

4.3.2 Surgery and isotope infusion 

Two weeks prior to the start of infusion, pigs were fitted with a simple T-cannula 

at the distal ileum (Nyachoti et al., 1997) for collection of ileal digesta and a catheter 

(Micro-renethane implantation tubing, 2.4 mm OD and 1.7 mm ID; Braintree Scientific 

Inc., MA, USA) in the stomach for infusion of 
15

N-ammonium chloride.  One week later, 

pigs were implanted with catheters in the left and right external jugular veins (de Lange 

et al., 1989) to allow for infusion of 
13

C-urea and blood sampling. 

Both the 
15

N-ammonium chloride and 
13

C-urea had a purity of at least 99% moles 

percent excess (MPE) and were obtained from ACP Chemicals, Inc. (Montreal, QC, 

Canada).  Sterile solutions of 
15

N-ammonium chloride and 
13

C-urea for infusion were 

prepared using aseptic technique.  Accurately weighed aliquots of the labelled 

compounds were dissolved in sterile saline (0.9% NaCl; Baxter Corp., ON, Canada) and 

filtered through 0.22 µm PVDF Millipore syringe filters (Fisher Scientific Company, 

Ottawa, ON) into sterile intravenous infusion bags.  A 24 h infusion of saline solution (d 

0) was followed by a 4 d infusion of saline solutions containing 
15

N-ammonium chloride 

(intragastrically) and 
13

C-urea (intravenously) infused at a rate of 0.5 mL/min to provide 
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approximately 0.8 and 0.2 mmol/kg BW/d of 
15

N-ammonium chloride and 
13

C-urea, 

respectively.   

 

4.3.3 Sample collection, processing, and analysis 

Blood samples were collected daily at 0900 h into heparinized tubes.  Plasma was 

isolated from blood samples by centrifugation at 2,000 × g for 20 mins and was stored at 

-80
o
C until further processing.  Urine was collected quantitatively each day into 

containers with 15 mL of concentrated sulphuric acid to maintain pH below 3 (Möhn et 

al., 2000).  Total urine output was weighed on a daily basis and a sub-sample stored at 

4
o
C until further processing.  Ileal digesta samples were collected into bags attached to 

the cannula for a 6 h period on d 0, 3, and 4 (0800 to 1400 h) and for a 24 h period on d 4 

of the infusion period.  Bags were changed at least every 2 h and collected digesta placed 

on ice until further processing.  The first 6 h digesta collection on d 4 (0800 to 1400 h) 

was sub-sampled for comparison to day 3 digesta samples prior to generating a pooled 24 

h collection sample.  Pooled digesta samples were divided into several aliquots, acidified 

with 10% formic acid (1mL/100mL digesta), and stored at -20
o
C until further processing.  

In the first group of pigs, the isotope infusion (period 1) was followed by a 9 d washout 

period during which pigs were randomly reassigned to different diets after which the 

infusion and sampling protocol were repeated (period 2).  Pigs in group 2 were 

euthanized at the end of the collection period (Euthansol; 340 mg/mL sodium 

pentobarbital and 0.3 mg/kg BW; Schering-Plough Animal Health; Kirkland, QC, 

Canada) and additional digesta samples were taken from the stomach, proximal 

duodenum, and mid-jejunum (1 m segments) in order to determine rate of disappearance 
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of the labelled ammonia.  The entire gastrointestinal tract was removed and gently 

separated.  The small intestine was tied along its length to divide it into the appropriate 

sections which were then washed to prevent contamination of sample with blood and 

gently squeezed to collect digesta which was immediately frozen. 

Dry matter content of digesta was determined by oven drying at 103
o
C to a 

constant weight for a minimum of 24 h according to AOAC (1997).  Urinary and ileal 

digesta nitrogen content were determined using a LECO-FP 428 automatic analyzer 

(Leco Instruments, Ltd., Mississauga, ON, Canada) according to AOAC (1997).  Sucrose 

was added to urine samples (sucrose to urine ratio of 1:1) to facilitate combustion.  

Titanium dioxide in feed and digesta was determined according to Myers et al. (2004).  

Total ammonia concentration was determined in digesta fluid using a commercially 

available kit (AA0100; Sigma-Aldrich Corporation, St. Louis, MO).  Digesta fluid was 

isolated from solids by centrifugation at 4,750 × g for 20 min (Libao-Mercado et al., 

2009).  A 2 mL sub-sample of the supernatant was centrifuged at 14,000 × g for 10 mins 

to further separate solid particles and a 1 mL sub-sample of this supernatant was diluted 

with 1 mL of distilled/deionized water with 50 µL of the diluted supernatant used for the 

ammonia assay.  Urinary urea concentration was determined using an automatic analyzer 

(Technicon Autoanalyser II, Technicon Instruments Corp., Tarrytown, NY) as previously 

described (Huntington, 1984). 

All isotope enrichment analysis was performed in the laboratory of Metabolic 

Solutions, Inc. (Nashua, NH, USA).  Samples of digesta, urine, and plasma from day 0 

were used to generate background enrichment values.  Digesta samples were processed 

according to Libao-Mercado et al. (2007).  Ammonia from digesta fluid, obtained as 



50 

 

previously described, was released by fluid aeration in a sealed tube containing a trapping 

well of 2% sulphuric acid after adjusting the pH to greater than 12 by adding 5M 

NaOH.  The 
15

N enrichment of ammonia sulfate was analyzed using a Europa 20/20 

ANCA isotope ratio mass spectrometer.  Urea in plasma and urine was prepared for 

enrichment analysis according to the method of Nelson and Ruo (1988).  In brief, the 

14
N

14
N, 

15
N

14
N, and 

15
N

15
N enrichment of urea in blood plasma and urine was 

determined on an Agilent 5973 GC/MS instrument using chemical ionization detection 

with methane gas under SIM mode monitoring ions 293, 294, and 295, 

respectively.  Standards of known isotopic composition were used to calculate the 

MPE.  The 
15

N
14

N urea enrichment was corrected for 
13

C urea enrichment by subtracting 

the directly determined 
13

C urea enrichment from the M+1 ion measurement by GC/MS.  

The 
13

C enrichment in urinary and plasma urea was performed according to Tuchman et 

al. (2008) using a urea specific urease to liberate CO2.  The liberated CO2 was analyzed 

for 
13

C enrichment with a Europa 20/20 ABCA isotope ratio mass spectrometer. 

 

4.3.4 Calculations and model development 

Conventional isotope dilution equations were used to calculate plasma urea flux 

and ileal ammonia flux values from isotope infusion rates and 
13

C enrichment in plasma 

or urinary urea and 
15

N enrichment in ileal digesta ammonia, respectively, using the 

equation of Matthews and Downey (1984):     

Plasma urea or Ileal ammonia flux (mmol/kg BW/d) =  

                   (
                      

                    
  )  [A] 
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Once these urea and ammonia fluxes were known, the following calculations could be 

performed [according to Mosenthin et al. (1992a)]: 

Urea recycling to the gut (mmol/kg BW/d) =  

plasma urea flux – urinary urea excretion     [B] 

Urea recycling (% of urea flux) = 
               

                
         [C] 

 

The FAAC could then be calculated assuming that the ammonia production as a result of 

FAAC is the difference between total ammonia flux and ammonia production from 

hydrolysis of recycled urea and ammonia infused, and that no ammonia is lost from the 

upper gut: 

FAAC (mmol/kg BW/d) = 

ileal ammonia flux – (ammonia infused + urea hydrolysis)  [D] 

 

The equations used in the determination of nitrogen and carbon flows through the 

two-pool model (Figure 4.1) consisting of a plasma urea pool (p) and an ileal digesta 

ammonia pool (i) are given below, where Fxy is flux of nitrogen or carbon from pool x to 

pool y, cx is carbon enrichment in pool x, nx is nitrogen enrichment of pool x, and I is 

infusion of isotope labelled ammonia or urea.  The measurements used in these 

calculations are: (1) plasma urea 
15

N and 
13

C enrichment, (2) urinary urea 
15

N and 
13

C 

enrichment, (3) total urinary urea-nitrogen excretion, and (4) ileal digesta ammonia 
15

N 

enrichment. 
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Entry rate of nitrogen and 
13

C from infusion of urea can be calculated based on the 

measured infusion rate of the tracer urea: 

FIp (mmol N/d) = IUREA       [1] 

FIp
13

 (mmol 
13

C/d) = cIFIp / 2       [2] 

 

Excretion of total urea-nitrogen, 
13

C- and 
15

N-urea in urine is measured, therefore: 

Fpu (mmol N/d) = urine volume × urea-nitrogen concentration  [3] 

Fpu
13

 (mmol 
13

C/d) = cuFpu/ 2       [4] 

Fpu
15

 (mmol 
15

N/d) = npFpu       [5] 

 

Assuming that infused 
13

C-urea that is not excreted in the urine enters the small intestine 

gives: 

Fpi
13

 (mmol 
13

C/d) = FIp
13

 – Fpu
13

      [6] 

 

Assuming that 
15

N is partitioned between urine and the small intestine by same 

proportions as for 
13

C, then: 

Fpi
15

 (mmol 
15

N/d) = Fpi
13

 × 2np/cp      [7] 

 

Determination of nitrogen flow to the small intestine can be obtained by adjusting for the 

plasma urea 
15

N enrichment: 

Fpi (mmol N/d) = Fpi
15

 / np       [8] 
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Given that the entry of 
15

N into the plasma urea-nitrogen pool must equal the amount 

exiting the pool allows for calculation of 
15

N entry into the plasma urea-nitrogen pool 

from the small intestine: 

Fip
15

 (mmol 
15

N/d) = Fpu
15

 + Fpi
15

      [9] 

 

Total nitrogen entry into the small intestine nitrogen pool can be calculated based on the 

measured infusion rate of tracer ammonia: 

FIi (mmol N/d) = IAMMONIA       [10] 

 

Assuming complete absorption of the infused 
15

N, the difference between 
15

N absorption 

and infusion is the amount of label that is reabsorbed from recycled urea: 

Fip
15R

 (mmol 
15

N/d) = Fip
15

 – FIi      [11] 

 

Given that ammonia flow and ammonia enrichment at the ileum are known, the amount 

of nitrogen and 
15

N leaving the small intestine can be calculated: 

Fil (mmol N/d) = ileal ammonia flow      [12] 

Fil
15

 (mmol 
15

N/d) = ni × ileal ammonia flow     [13] 

 

The remaining 
15

N disappearance not yet accounted for is assumed to be incorporated 

into microbial protein production: 

Fim
15

 (mmol 
15

N/d) = Fpi
15

 – Fip
15R

 – Fil
15

     [14] 
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Rearranging the above equations, with the condition that all nitrogen flows must be 

greater than or equal to zero, yields minimum and maximum possible nitrogen fluxes out 

of the ileal pool due to microbial protein production and absorption of ammonia-nitrogen 

into the plasma urea pool, plasma urea entry due to endogenous AA catabolism, and entry 

of nitrogen into the ileal pool due to FAAC, which are outlined below. 

 

The incorporation of nitrogen into microbial protein production has the following range 

(mmol N/kg/d): 

([  ]  [ ]  [  ]) (  
[ ] [ ]

[  ] [ ] [  ]
) ≤ Fim ≤ ([ ]  [ ]  [ ]) (

[  ] [ ] [  ]

[ ] [ ]
  )   [15] 

 

Given this range, the amount of ammonia-nitrogen that is absorbed from the upper gut 

can be calculated (mmol N/kg/d): 

           
[     ]

(
[  ] [ ] [  ]

[ ] [ ]
  )

⁄  ≤ Fip ≤ 
[     ]

(
[  ] [ ] [  ]

[ ] [ ]
  )

⁄   [16] 

 

The remaining plasma urea-nitrogen production is from endogenous AA catabolism 

(mmol N/kg/d): 

            
  [ ]

[ ] [ ] [     ]
 ≤ Fep ≤ 

  [ ]

[ ] [ ] [     ]
      [17] 

 

Finally, the minimum and maximum amount of small intestine ammonia-nitrogen 

production that is due to FAAC (mmol N/kg/d) is determined by: 

[min 16] + [min 15] + [12] – [10] – [8] ≤ Foi ≤  

[max 16] + [max 15] + [12] – [10] – [8] [18] 
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4.3.5 Statistical analysis 

All data were analyzed using the mixed model procedure (PROC MIXED) of the 

SAS statistical program (SAS 9.1; SAS Institute, Inc.; Cary, NC).  Diet and period were 

included in the model as fixed effects and pig was included as a random effect.  Pig was 

the experimental unit for all measures.  Differences between treatment means were 

determined using the Tukey test and were considered statistically significant at P ≤ 0.05. 

 

4.4 Results 

All pigs recovered quickly from surgery.  In the first and second experimental 

period, 5 out of 12 observations were missing due to loss of catheters or cannulas (n = 2), 

poor appetite (n = 1), or unrealistic values for urinary nitrogen/urea excretion (n = 2).  No 

observations were lost during the third experimental period. All other catheters remained 

patent throughout the study and placement of all catheters was confirmed by visual 

inspection at the end of the study.  The average BW at the end of the first infusion period 

was 24.7 kg (SD = 1.44), the second infusion period was 30.6 kg (SD = 1.82), and the 

third infusion period was 30.2 kg (SD = 1.65).  Average BW was not affected by 

treatment (Table 4.2; P > 0.05).  Actual DM and nitrogen intakes across treatments were 

as intended. 

Ileal DM content was not affected by dietary treatment (Table 4.2; P > 0.05).  

Apparent ileal digestibility of DM was decreased with the addition of pectin to the diet 

and higher for LP than CON (P < 0.001) resulting in an increase and decrease in ileal DM 

flow for HF and LP, respectively, when compared to CON (P < 0.001).  Apparent ileal 

digestibility of nitrogen decreased with either the addition of fibre or the reduced dietary 
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protein content (P < 0.05), and daily nitrogen flow at the ileum was greater only on the 

HF diet (P < 0.05).  Ileal digesta ammonia concentration was lower for LP than HF (P < 

0.05) and was intermediate for CON (P > 0.05).  Ileal ammonia flow was increased by 

feeding additional fibre when compared to the CON and LP diets (P < 0.05).  Total 

urinary nitrogen excretion, urea excretion, and the percent of nitrogen excreted as urea 

were decreased in pigs fed the LP diet (P < 0.05), but were not affected by the inclusion 

of pectin (P > 0.05), when compared to CON. 

Isotopic steady state was confirmed by comparing 
15

N and 
13

C enrichment values 

in urea from day 3 and day 4 of the infusion, which were not different (data not shown; P 

> 0.05).  On the last day of the infusion period, the 
13

C enrichment in plasma urea was 

lower than in urinary urea.  Due to more realistic plasma urea flux values obtained with 

urinary urea
 13

C enrichment, and based on previously reported urea kinetics in pigs 

(Thacker et al., 1982; Mosenthin et al., 1992a; Mosenthin et al., 1992b; Zhu et al., 2003) 

and humans (Jackson et al., 1984; Danielson and Jackson, 1992; Langran et al., 1992; 

Mariotti et al., 2001), urinary values for both 
15

N and 
13

C were used to estimate plasma 

urea kinetics in all calculations (Table 4.4).   

The inclusion of pectin in the diet had no effect on plasma urea flux or urea 

recycling (Table 4.4; P > 0.05).  When calculated using conventional isotope dilution, 

ileal ammonia flux and FAAC were increased (P < 0.05) when compared to the CON and 

LP diets.  Lowering the dietary protein content from 18.8 to 13.6% (90% DM basis) 

resulted in a reduction in plasma urea flux and urea recycling (P < 0.01), however, there 

was no effect of dietary protein content on ileal ammonia flux or FAAC (P > 0.05) when 
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compared to the CON diet.  The proportion of plasma urea flux that was recycled was not 

affected by any dietary treatment (P > 0.05). 

Based on the two-pool model (Figure 4.1), decreasing the dietary protein content 

resulted in a decrease in estimates for maximum FAAC (P < 0.001), minimum 

incorporation of nitrogen into microbial protein (P < 0.05), as well as both minimum (P < 

0.05) and maximum (P < 0.01) estimates of ammonia absorption when compared to both 

CON and HF diets (Table 4.5).  Estimates of maximum incorporation into microbial 

protein and endogenous AA catabolism were reduced on the LP diet when compared to 

the CON diet (P < 0.001).  The addition of pectin to the diet had no effect on any of the 

estimated nitrogen fluxes when compared to the CON diet (P > 0.05). 

 

4.5 Discussion 

The primary objective of the current study was to assess means to estimate FAAC 

in the upper gut of growing pigs through both simple isotope dilution and a two-pool 

model.  A secondary objective was to determine the effect of an increase in the soluble 

fibre content or a decrease in dietary protein content on estimates of upper gut FAAC.  In 

order to achieve these objectives, a study was performed using continuous intragastric 

and intravenous infusion of 
15

N-ammonium chloride and 
13

C-urea as isotopic tracers in 

pigs fed a control diet, a diet with added fibre, or a diet with decreased protein content. 

Initially, simple isotope dilution calculations (Equations A to D) were used to 

estimate FAAC in the upper gut, however, this method resulted in values for FAAC that 

were unrealistic as they were higher than total nitrogen intake.   These estimates of 

FAAC are attributed to the high estimates of ammonia production which cannot be 
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accounted for by urea recycling and ileal ammonia flow.  Accurate estimates of plasma 

urea flux and urea recycling are dependent on the isotopic enrichment of urea in either 

plasma or urine and accurate measures of urinary urea excretion.  It is assumed that the 

13
C enrichment of urinary urea is identical to the 

13
C enrichment of plasma urea and, 

therefore, use of enrichment in either pool will yield the same results.  Since the level of 

enrichment of any compound exiting a pool should be the same as in that pool (Jackson et 

al., 1984), and the precursor pool for urinary urea is the plasma urea pool, this should 

hold true.  Indeed, many studies only determine enrichment of urea in urine in order to 

calculate plasma urea flux (Wolfe, 1981; Jackson et al., 1984; Thacker et al., 1984; 

Mosenthin et al., 1992a; Mosenthin et al., 1992b; Wickersham et al., 2008a; Wickersham 

et al., 2009).  However, as stated previously the 
13

C enrichment in urinary urea excretion 

was substantially higher than the 
13

C enrichment in plasma urea.  This may be a result of 

plasma sample contamination with non-urea CO2 or other methodological errors, blood 

sampling time, or biological bias between isotopic and non-isotopic urea, specifically 

sequestration of 
13

C-urea in blood fractions.  Each of these factors is discussed in more 

detail below. 

The method used to prepare samples for 
13

C enrichment analysis in urea 

minimizes the possibility of non-urea, unlabelled CO2 contamination by releasing non-

urea CO2 prior to application of an urea specific urease (Nelson and Ruo, 1988).   

Therefore, any possible impact of non-urea CO2 contamination interfering with 
13

C 

enrichment analysis resulting in an underestimation of enrichment should be minimal.  

The overall issue of discrepancy in urinary vs. plasma enrichment appears to be mainly 

an issue with 
13

C.  
15

N enrichment in urea was analyzed on a whole urea basis, with the 
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15
N

14
N urea species corrected for 

13
C enrichment.  An underestimation of 

13
C in plasma 

would therefore result in an overestimation of 
15

N enrichment as well.  If plasma 
15

N 

enrichment values are corrected using urinary 
13

C enrichment instead of plasma, the 

discrepancy between the plasma and urinary 
15

N enrichment is minimized. 

It has been suggested that there may be an impact on blood enrichment values 

during continuous isotope infusion due to the absorption of non-labelled compounds from 

feed in meal fed subjects (Lien et al., 1997).  This was demonstrated in a study in humans 

in which the effects of frequency of feeding were simulated by infusing unlabelled urea 

during a continuous infusion of urea tracer (Hamadeh and Hoffer, 1998).  In this study, 

Hamadeh and Hoffer (1998) demonstrated that infusion of unlabelled urea resulted in an 

increase in plasma urea concentration and a decrease in plasma urea enrichment.  It was 

concluded that since the urea pool has a very slow turnover rate, plasma urea enrichment 

may be an insensitive measure for estimating plasma urea flux when the subject is not in 

steady state induced by meal feeding (Hamadeh and Hoffer, 1998).  This would explain 

the discrepancy in the 
13

C enrichment values observed in the current study, which may 

have been lower in plasma urea than urinary urea as a result of entry of unlabelled urea 

due to frequent feeding.  This would also suggest that the timing of blood plasma 

sampling relative to feeding schemes should be considered carefully when evaluating 

plasma urea labelling and kinetics.  This is in contrast to Cai et al. (1994) who 

demonstrated that plasma urea concentrations were relatively constant across sampling 

times in pigs allowed free access to feed and were similar to the average daily plasma 

urea concentration.  Therefore, estimates of urea flux should not be dependent on blood 

sample time.  However, in the Cai et al. (1994) study the actual feed consumption pattern 
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was not characterized and may not reflect the effect of meal feeding on plasma urea 

concentration.  The discrepancy between these two studies may explain, to some extent, 

why there has been such a wide range in reported plasma urea flux estimates in pigs 

(Thacker et al., 1982; Mosenthin et al., 1992a; Mosenthin et al., 1992b; Zhu et al., 2003) 

and humans (Jackson et al., 1984; Danielson and Jackson, 1992; Langran et al., 1992; 

Mariotti et al., 2001).  Clearly caution should be used when interpreting estimates of urea 

flux in studies that use only plasma urea enrichment.  The use of urinary urea enrichment 

instead of plasma urea enrichment should minimize any possible impact of non-labelled 

ammonia due to feeding since urinary urea labelling is a reflection of the total daily 

isotope excretion and, therefore, average urea enrichment.     

Another point to consider is that biological systems may distinguish between 

different isotopes.  Previous reports have suggested that this is indeed the case and that 

this effect is more evident for 
13

C than for 
15

N (Gaebler et al., 1969; Schoeller et al., 

1977; Jackson et al., 1984).  It is possible that this differential handling of the 
13

C isotope 

occurred in the current study given that there is a distinct discrepancy between urinary 

and plasma values and that the discrepancy observed between urinary and plasma 
13

C 

enrichment was not as evident when examining 
15

N enrichment in the two fluids.  Data 

from the current study suggest that there is preferential excretion of 
13

C urea species into 

the urine given the much higher level of enrichment observed.  If this argument is true, 

then using urinary enrichment values would result in an underestimation of urea flux and 

an overestimation of the 
13

C to 
15

N ratio in recycled urea.  It is important to note, 

however, that in the current study calculating urea flux values based on urinary urea 
13

C 

enrichment resulted in more realistic urea flux values, based on comparison to previous 
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work in humans (Jackson et al., 1984; Matthews and Downey, 1984) and pigs (Bergner et 

al., 1986b; Mosenthin et al., 1992a), than urea flux based on plasma urea enrichment.   

Biological segregation of isotopes may also occur between different blood 

fractions.  In one study, Jeevanandam et al. (1978) determined that 
14

C- and 
15

N-urea 

enrichment in red blood cell urea was 18% higher than in plasma urea.  It was suggested 

by the authors that this is due to a difference in the bound urea fraction in the two blood 

fractions.  If enrichment of urea in the red blood cell fraction is higher than that in the 

plasma fraction this would result in inaccurate plasma urea enrichment values and an 

overestimate of the isotope dilution as well as the calculated urea flux.  If whole blood 

urea is freely filtered at the kidneys into the urine, then this inaccuracy would be 

overcome by using urinary enrichment values to estimate blood plasma values.  Evidence 

to support this is provided by the urea flux values obtained using urinary 
13

C enrichment 

vs. plasma enrichment in the current study.  This discrepancy between urea enrichment in 

blood fractions should be taken into consideration and may have substantial impact on 

previously reported urea flux estimates where plasma urea enrichment is used. 

As mentioned previously, estimates of FAAC using simple isotope dilution 

resulted in unrealistic values for FAAC.  These unrealistic values for FAAC are most 

likely a reflection of
 
the low 

15
N enrichment values observed in ileal digesta ammonia, 

which were lower than in plasma urea.  This suggests a rapid absorption of ammonia 

prior to the distal ileum and subsequent labelling of the endogenous urea pool resulting in 

a lack of uniformity for enrichment in the digesta ammonia pool.  The enrichment in ileal 

digesta ammonia is most likely the result of both dilution of the infused ammonium 

chloride as well as re-entry of the 
15

N label into the intestinal lumen as a result of urea 
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recycling and subsequent urea hydrolysis.  Therefore, calculations of FAAC are 

confounded by the origin of the isotopic tracer in the ileal digesta.   

In the third experimental period, digesta samples were taken from the stomach 

and at points along the length of the small intestine in order to estimate the extent of 

dilution of the labelled ammonia prior to the distal ileum.  Up to 90% dilution of labelled 

ammonia was observed prior to digesta entering the small intestine which would either be 

due to extensive FAAC, urea hydrolysis, or absorption of ammonia in the stomach.  The 

level of microbial activity in the stomach and proximal small intestine is generally 

believed to be insignificant (Jørgensen and Just, 1988; Canibe and Jensen, 2003), 

however, ammonia production has been reported in the stomach of pigs (Regina et al., 

1999).  It is possible that the abundance of available substrate in the stomach allows for 

significant ammonia production regardless of the low microbial activity at this point in 

the gastrointestinal tract.  Microbial activity in the proximal gastrointestinal tract may 

also result in ammonia production due to hydrolysis of recycled urea entering the 

gastrointestinal tract through saliva and gastric secretions (Buraczewski, 1986; Mosenthin 

et al., 1992a).  By the mid-jejunum the labelled ammonia had been diluted to 

approximately 1% of the original value.  By the mid-jejunum there will be an increasing 

level of microbial activity (Jørgensen and Just, 1988; Canibe and Jensen, 2003) and the 

resulting contributions of FAAC and urea hydrolysis to ammonia production will lead to 

further lack of uniformity of digesta ammonia enrichment along the length of the 

digestive tract.  This FAAC combined with continuous ammonia absorption will lead to 

overestimates of FAAC and ammonia flux in the upper gut when using conventional 

isotope dilution calculations.  These results suggest that conventional isotope dilution 
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calculations are, therefore, inappropriate for calculating ammonia flux due to FAAC in 

the upper gut of pigs.  Alternative methods for determining FAAC should be developed 

that address these issues. 

Due to evidence supporting rapid absorption of labelled ammonia and recycling 

of label into the upper gut resulting in a lack of enrichment uniformity within the upper 

gut, an alternative two-pool model (Figure 4.1) was developed in an attempt to estimate 

various components of nitrogen flux in the upper gut.  In this model, the contribution of 

urea to ileal ammonia flux is calculated based on observations of 
13

C-urea kinetics and 

nitrogen flows based on 
15

N through a plasma urea pool and an ileal ammonia pool.  

Isotopic fluxes through the plasma urea and ileal ammonia pools are used to generate 

minimum and maximum values for FAAC, microbial protein production, endogenous AA 

catabolism, and ammonia absorption.  The two-pool model relies on three key 

assumptions: 1) the maintenance of metabolic and isotopic steady state; 2) the rapid and 

complete absorption of labelled ammonia in the proximal small intestine; and 3) that all 

nitrogen flows through the two-pools must be greater than or equal to zero. 

Maintenance of metabolic and isotopic steady state allows for the assumption that 

the flux of various compounds and isotopic enrichment will remain the same regardless 

of when samples are obtained and also allows for estimation of enrichment in one pool 

based on measurements in another pool.  For example, the contribution of endogenous 

and dietary AA fermentation to digesta ammonia concentration can be determined by 

assuming that digesta ammonia enrichment is directly related to plasma urea enrichment 

which enters the gastrointestinal tract and is subject to microbial hydrolysis.  Libao-

Mercado et al. (2009) demonstrated that metabolic and isotopic steady state had been 



64 

 

reached after 2 d of continuous isotopic infusion and feeding pigs equal small meals at 3 

h intervals.  The same infusion and feeding protocol used by Libao-Mercado et al. (2009) 

was adopted in the current study.  Isotopic and metabolic steady state was confirmed by 

comparing isotopic enrichment, ileal digestibility, urinary urea and nitrogen output, urea 

flux, and estimates of nitrogen flux on day 3 and 4 of the infusion in each period.  None 

of these values were found to differ between day 3 and day 4 (P > 0.05).    

The second assumption required is that there is rapid and complete absorption of 

the labelled ammonia in the proximal small intestine.  This phenomenon has been 

suggested previously by Torrallardona et al. (2003a), who measured the 
14

C to 
15

N ratio 

measured along the upper digestive tract in pigs fed diets containing 
15

N-ammonium 

chloride and 
14

C-polyglucose.  An increase in the ratio from the stomach to the terminal 

ileum was observed suggesting rapid absorption of ammonium chloride (Torrallardona et 

al., 2003a).  Further support for this assumption is provided by work done by Karasawa 

and Nakata (1986) on ammonia absorption in the chicken intestine in which it was shown 

that within 30 minutes of administration, 95% of labelled ammonia infused into the 

intestine had disappeared.  In the current study, evidence in support of this assumption is 

provided by the much higher level of 
15

N labelling in plasma urea, the main product of 

ammonia detoxification in the liver, than in the ileal digesta ammonia combined with the 

rapid dilution of 
15

N enrichment in digesta ammonia along the gastrointestinal tract.  

The third assumption required for this model was that all nitrogen flows through 

the two-pools must be greater than or equal to zero.  While this makes sense on a 

mathematical basis it is highly unlikely that any flux would in fact be equivalent to zero 

in a biological system.  For example, in the model the minimum amount of nitrogen entry 
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into the digesta ammonia pool is set to zero, even though there will always be some 

degree of microbial catabolism of dietary and endogenous AA either as an energy source 

or for microbial protein production.  Likewise, the maximum nitrogen fluxes given in this 

paper, while theoretically possible, will likely not occur in actual biological systems since 

they require minimum nitrogen fluxes through other routes.  For example, the maximum 

amount of ammonia absorption from the digesta pool represents nearly 100% of the 

calculated urea flux rate in the pig, which would be the result of both ammonia 

absorption as well as endogenous AA catabolism.  Therefore, to achieve the maximum 

ammonia absorption reported would require that there is no endogenous AA catabolism.  

Amino acids are constantly being catabolized within the pig, reflecting minimum and 

inevitable AA catabolism (Moughan, 1999).  Clearly, the values that are presented reflect 

a range and more accurate estimates of microbial AA production, endogenous AA 

catabolism, ammonia absorption, and FAAC are required. 

The second objective of the current study was to determine the effects of added 

soluble fibre, as pectin, or reduction in total dietary protein on urea kinetics, nitrogen 

utilization, and FAAC in the upper gut of pigs.  Dietary fibre, the proportion of plant 

polysaccharides that are resistant to digestion by mammalian enzymes [non-starch 

polysaccharides (NSP); Bindelle et al. (2008)], can alter digestive tract and microbial 

function through a variety of mechanisms including increasing rate of passage and 

viscosity of digesta, altering enzyme activities, increasing turnover of intestinal 

epithelium and intestinal secretions, and providing an alternative energy source for the 

intestinal microbial population (Mosenthin et al., 1994; Souffrant, 2001; Wenk, 2001; Jha 

et al., 2011).  Addition of a readily fermentable fibre, such as pectin, in swine diets may 
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result in a switch in the preferred energy source for microbes (Zervas and Zijlstra, 2002; 

Jha et al., 2011).  In general, nitrogen is not the limiting factor with respect to microbial 

AA synthesis and, therefore, inclusion of an energy source may result in an increase in 

incorporation of nitrogen into microbial AA production and increase AA supply to the 

host (Oba and Allen, 2003; Jha et al., 2011). 

In the current study, dietary pectin resulted in a decrease in the apparent ileal 

digestibility of both DM and nitrogen, which is in agreement with previous studies 

(Dierick et al., 1986a; Schulze et al., 1995; Souffrant, 2001; Partanen et al., 2007) and is 

likely due to an increase in endogenous secretions such as mucin (Morel et al., 2003), a 

decrease in nutrient absorption (Dierick et al., 1986b; Noblet and Le Goff, 2001), or an 

increase in incorporation of nitrogen into microbial biomass and subsequent increase in 

ileal microbial protein flow (Mosenthin et al., 1992b; Partanen et al., 2007).   

Dietary fibre has been shown to result in a shift in the route of nitrogen excretion 

from urine to faeces and it has been suggested that this shift is largely due to an increase 

in incorporation of nitrogen into microbial protein in the lower gut (Gargallo and 

Zimmerman, 1981; Mosenthin et al., 1992b; Mosenthin et al., 1994; Jha et al., 2011).  A 

significant microbial population exists at the terminal ileum in pigs (Jensen, 1988) and it 

is likely that an increase in a readily fermentable substrate would result in an increase in 

nitrogen fixation by microbes in the upper gut.  Indeed, Libao-Mercado et al. (2009) 

found that the amount of ammonia nitrogen that was incorporated into digesta associated 

microbes in the ileum of growing pigs was increased when pectin was included in the 

diet.  Moreover, Partanen et al. (2007) found an increase in the ileal flow of DAPA, an 

indicator of microbial mass, as the amount of fibre in the diet increased indicating 
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enhanced growth of the upper gut microbial population on high fibre diets.  The lack of 

effect of dietary fibre on urinary nitrogen excretion is in disagreement with previous 

studies (Zervas and Zijlstra, 2002; Bindelle et al., 2008; Galassi et al., 2010).  However, 

this result is consistent with the other nitrogen flux values reported in this study, such as 

urea flux, urea recycling, ileal ammonia flow, and ammonia absorption, which all 

indicate that fibre resulted in an increase in FAAC.   

The effect of dietary fibre on digesta ammonia concentration is consistent with 

Partanen et al. (2007) who reported no effect of fibre on ileal ammonia concentration.  

However, these results are inconsistent with Bikker et al. (2006) and Jeaurond et al. 

(2008) who observed a decrease in digesta ammonia concentration in ileal and colonic 

digesta, respectively, with the addition of fibre to the diets of growing pigs.  In these 

studies, it was suggested that a decrease in ammonia concentration indicated a reduction 

in FAAC by gut microbes when a fermentable fibre source was available.  However, 

neither of these studies reported the total daily flow of ammonia at either the ileal or 

faecal level, which was shown to increase with fibre in the current study.  Libao-Mercado 

et al. (2009) reported a trend for an increase in both the amount of ileal ammonia derived 

from protein fermentation and ileal ammonia-nitrogen flow in pigs fed a diet with 12% 

added pectin.  In rats, it has been shown that the addition of 8% pectin resulted in an 

increase in colonic ammonia concentration (Lupton and Marchant, 1989).  Dietary fibre 

has been shown to increase total digesta flow due to its water holding capacity and would 

thus result in an increase in total ammonia flow even if ammonia concentration is 

reduced.  Therefore, it is likely that an increase in total ammonia production would not be 

evident in measures of ammonia concentration in ileal digesta fluid alone.  It is possible 
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that the anticipated reduction in FAAC with the addition of fibre is negated by the 

increase in endogenous protein excretion into the gastrointestinal tract and reduction in 

nutrient digestibility, increasing the amount of protein available for microbial 

fermentation.  Furthermore, ammonia concentration analysis tends to be variable, leading 

to conflicting results.  For example, while Jeaurond et al. (2008) reported a decrease in 

colonic ammonia concentration, Bikker et al. (2006) were not able to detect a significant 

reduction in ammonia in the colon.    Reviews on dietary fibre emphasize the importance 

of physicochemical properties of fibre such as solubility, gel-formation, viscosity, 

fermentability, and water-holding capacity when explaining the effects of different fibres 

with respect to nutrient utilization and gastrointestinal function (Souffrant, 2001; Wenk, 

2001; Bindelle et al., 2008).  The widely different properties of different types and 

mixtures of dietary fibre and the poor understanding of how these properties interact with 

the gastrointestinal tract makes comparing the results of different studies difficult.   

The addition of pectin to the diet did not impact any of the model estimated 

nitrogen fluxes.  The impact of dietary fibre on lower gut microbial activity has been 

demonstrated in a number of studies (Wenk, 2001; Bindelle et al., 2008) although the 

upper gut has largely been ignored based on the assumption of low fibre degradability 

and insignificant microbial activity in the upper gut.  The addition of pectin to the diet 

was shown to decrease nitrogen digestibility and increase ammonia flow at the ileum, 

indicating that FAAC and nitrogen incorporation into microbial protein were likely 

enhanced in pigs fed the HF diet and would likely have resulted in differences in these 

fluxes, however, the model presented is insufficiently sensitive to determine these 

differences. 
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Reducing dietary protein content has been suggested as a possible method for 

increasing the efficiency of using dietary protein for body protein synthesis.  The 

reduction in ammonia generation in the gastrointestinal tract with reduced protein is 

thought to be due to a decrease in the amount of substrate, or undigested protein, 

available for fermentation by the intestinal microflora (Ball and Aherne, 1987).  The 

effect of reducing the dietary protein content on urea flux and urinary excretion of 

nitrogen is in agreement with the findings of previous studies (Thacker et al., 1982; 

Danielson and Jackson, 1992) and is an indication of a decrease in ammonia production, 

either through a decrease in FAAC or decrease in endogenous AA catabolism.  Of 

interest is the significant decrease in the estimated maximum ammonia generation in the 

upper gut as a result of FAAC and subsequent decrease in absorption of ammonia in pigs 

fed the LP diet.  Given the estimated FAAC, it is surprising that a significant effect on 

neither ammonia concentration nor ileal ammonia flow was observed.  Substantial 

numerical differences in these values were observed, however, and the lack of 

significance is likely due to the variability associated with ammonia measures.    The 

digesta ammonia concentrations reported here are similar to those reported previously in 

pigs fed high (Htoo et al., 2007) and low protein diets (Nyachoti et al., 2006; Opapeju et 

al., 2008).  Nyachoti et al. (2006) found that lowering dietary crude protein in a corn and 

soybean meal-based diet from 23 to 17% (as-fed) resulted in a decrease in ileal ammonia-

nitrogen concentration from 72 to 38 mg/L.  Furthermore, a decrease in dietary crude 

protein from 16 to 13% in the current study resulted in a decrease in ileal digesta 

ammonia-nitrogen concentration from 30.4 to 22.7 mg/L and ileal ammonia flow from 

0.25 to 0.13 mmol N/kg/d which would suggest, even though these values represent only 
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a numerical decrease, that decreasing dietary crude protein to a greater extent may result 

in a decrease in microbial FAAC in the upper gut.  In contrast, Htoo et al. (2007) 

observed no change in ileal ammonia concentration when dietary protein was lowered 

from 24 to 20 % which may indicate inadequate dietary protein restriction in this study to 

observe an effect on FAAC. 

Reducing dietary protein content has also been suggested as a possible method for 

enhancing the utilization of NPN sources for the production of AA by intestinal 

microbes.  As mentioned previously, recycling of urea may be an important nitrogen 

salvage mechanism in monogastrics, especially during times of protein deficiency.  It has 

been suggested that the amount of urea recycled may be in direct response to the need for 

nitrogen retention under these conditions (Tanaka et al., 1980; Thacker et al., 1982; 

Hibbert et al., 1995; Sarraseca et al., 1998; Lobley et al., 2000; Jackson et al., 2004; 

Wickersham et al., 2008b; Wickersham et al., 2009).  However, in the current study the 

absolute amount of urea recycled was reduced on the LP diet and urea recycling remained 

a constant proportion of urea flux regardless of dietary treatment, which is in agreement 

with Thacker et al. (1982, 1984).  This would indicate that the mechanisms involved in 

altering urea recycling in response to dietary protein restriction are either not present in 

the pig or are not effective at the level of restriction examined in the current study.  It has 

also been suggested that urea recycling in the monogastric is not a controlled nitrogen 

salvage pathway and is in direct proportion to the amount of urea being produced 

(Thacker et al., 1984), which appears to be the case in the current study.  The model 

presented here showed a decrease in incorporation of NPN into microbial protein.  These 

findings may also indicate that microbes in the upper gut are reliant on pre-formed 
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dietary AA to meet the majority of their needs and the lower incorporation observed is 

due to the decrease in pre-formed AA available in LP fed pigs for microbial protein 

production.  This is supported by Libao-Mercado et al. (2009) who found that dietary and 

endogenous pre-formed AA were the main precursors for microbial AA production in the 

upper gut.  Urea recycling and incorporation of NPN into microbial protein is an 

important salvage mechanism in animals with reduced protein intake.  It has been 

suggested that the amount of urea that is recycled into the gut responds to dietary protein 

intake and nitrogen requirements of the animal (Tanaka et al., 1980; Hibbert et al., 1995; 

Jackson et al., 2004; Wickersham et al., 2009) while other studies suggest it is simply 

dependent on urea flux and plasma concentration of urea (Thacker et al., 1984; Kiran and 

Mutsvangwa, 2010).  The current study observations suggest that urea recycling is not a 

regulated process in pigs since the proportion of urea flux that was recycled remained the 

same regardless of dietary protein content.  The contribution of microbial AA to meeting 

the AA requirements of monogastrics may be important during periods of nitrogen 

restriction but should be weighed against FAAC.   

 

4.6 Conclusions and Implications 

Use of conventional isotope dilution is inadequate for determining ammonia flux 

and FAAC in the upper gut of pigs, largely due to the non-homogenous nature of the 

digesta ammonia pool.  An alternative two-pool model presented in this paper allows for 

calculation of a range of values for movement of nitrogen through the ileal ammonia 

pool.  However, due to limitations in this model and experimental observations, absolute 

values for FAAC could not be determined.  Based on estimated nitrogen flows in the two-
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pool model, reducing dietary protein level has a larger impact on microbial activity and 

AA economy than increasing dietary fibre.  Reported effects of dietary fibre on nitrogen 

metabolism in the pig are inconsistent and further efforts are required to further clarify 

the effect of different types of fibre.  It is recommended that future studies attempt to 

better quantify FAAC as it may have significant impacts on the AA economy in pigs and 

other non-ruminant animals, including humans. 
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Table 4.1  Ingredient composition (as-fed, %) as well as calculated and analyzed nutrient 

content (adjusted to 90% DM basis) of experimental diets 

 CON HF LP 

Ingredient (%)    

    Cornstarch 45.4 34.2 56.0 

    Pectin - 12.0 - 

    Sucrose 10.0 10.0 10.0 

    Animal/vegetable fat blend 3.0 3.2 3.0 

    Soybean meal, dehulled 38.0 37.0 26.0 

    Isoleucine - - 0.11 

    Lysine•HCl - - 0.43 

    Methionine 0.16 0.15 0.31 

    Threonine 0.09 0.09 0.29 

    Tryptophan - - 0.06 

    Limestone 0.80 0.80 0.76 

    Monocalcium phosphate 1.45 1.45 1.90 

    Salt 0.50 0.50 0.50 

    Vitamin/mineral premix
1
 0.50 0.50 0.50 

    Titanium dioxide 0.10 0.10 0.10 

Calculated nutrient content
2
 

    DE (MJ/kg) 15.5 15.2 15.5 

    NE (MJ/kg) 11.4 10.9 11.4 

    Crude protein (N×6.25, %) 18.6 17.7 13.4 

    SID
3
 isoleucine (%) 0.74 0.71 0.61 

    Total lysine (%) 1.15 1.11 1.12 

    SID lysine (%) 1.04 1.00 1.04 

    SID methionine (%) 0.39 0.37 0.46 

    SID methionine + cysteine (%) 0.63 0.60 0.62 

    SID threonine (%) 0.71 0.68 0.70 

    SID tryptophan (%) 0.22 0.21 0.21 

    Calcium (%) 0.70 0.65 0.67 

    Phosphorus (%) 0.59 0.57 0.59 

Analyzed nutrient content 

    DM (%) 91.2 91.6 91.6 

    Crude protein (Nx6.25, %) 18.6 17.6 13.4 

    Crude fibre (%) 1.28 1.52 1.14 

    Calcium (%) 0.66 0.59 0.68 

    Phosphorus (%) 0.52 0.49 0.52 
*Footnotes on next page 
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1 
Supplied 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). 
2 

Nutrient contents of diets were estimated based on nutrient contents of feed ingredients 

according to NRC (1998) and CVB (2003). 
3
 Standardized ileal digestible. 
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Table 4.2  Body weight, nutrient intake and digestibility, ileal digesta characteristics, and 

nitrogen flows in growing pigs
,2

 

    Treatment  

  CON (n = 6) HF (n = 4) LP (n = 6) P-value 

Average BW (kg) 29.4 ± 0.46 29.6 ± 0.42 29.1 ± 0.44 0.446 

Intake 
 

    

    DM (g/kg BW/d)
 

37.5 ± 0.77
a 

40.3 ± 0.72
b 

38.1 ± 0.74
ab 

0.043 

    Nitrogen (mmol/kg BW/d) 87.9 ± 1.54
a 

90.0 ± 1.43
a 

64.8 ± 1.48
b 

<0.001 

Apparent ileal digestibility (%) 

    DM 74.1 ± 0.68
a 

69.2 ± 0.68
b 

78.0 ± 0.68
c 

<0.001 

    Nitrogen 78.7 ± 1.76
a
 72.4 ± 1.64

b
 72.0 ± 1.69

b
 0.023 

Ileal digesta     

    DM content (%) 7.01 ± 0.29 6.95 ± 0.27 6.67 ± 0.28 0.662 

    DM flow (g/kg BW/d)  9.23 ± 0.29
a 

13.1 ± 0.29
b 

8.41 ± 0.29
c 

<0.001 

    Ammonia content (mg/L)
3 

32.5 ± 4.24
ab 

40.8 ± 3.94
a 

22.0 ± 4.06
b 

0.018 

Nitrogen flow (mmol N/kg BW/d) 

    At distal ileum 19.3 ± 1.17
a
 24.8 ± 1.03

b
 18.6 ± 1.08

a
 0.003 

    Urinary excretion 25.5 ± 1.28
a
 24.9 ± 3.27

a 
15.1 ± 1.28

b 
<0.001 

    Ammonia at distal ileum 0.24 ± 0.03
a 

0.39 ± 0.05
b 

0.14 ± 0.03
a 

0.004 

    Urinary urea excretion 14.4 ± 0.84
a
 15.0 ± 1.56

ab
 6.20 ± 0.84

b
 <0.001 

    Urinary urea (% of urinary 

         nitrogen) 

70.2 ± 1.95
a 

71.1 ± 2.84
a 

51.1 ± 1.86
b 

<0.001 

1
 Pigs were fed one of three diets: Control (CON, 16.9% CP), High fibre (HF, 12% added 

pectin), Low protein (LP, 13.2% CP)  
2
 Values are least square means ± standard error 

3
 Expressed per litre of digesta fluid 

a,b
 Means in the same row without a common superscript are different (P < 0.05) 
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Table 4.3  Isotopic enrichment (moles percent excess, MPE) of urea in plasma and urine 

and ammonia in digesta in growing pigs after a 4 d continuous infusion of 
13

C-urea and 
15

N-ammonium chloride
1,2

 

  Treatment  

  CON (n = 6) HF (n = 4) LP (n = 6) P-value 

Infusion rate (mmol/kg BW/d)
3
   

    
13

C-urea 0.18 ± 0.01 0.18 ± 0.01 0.19 ± 0.01 0.680 

    
15

N-ammonium chloride 0.68 ± 0.02 0.75 ± 0.02 0.72 ± 0.02 0.087 

Plasma (MPE)     

    Urea-nitrogen 
15

N
4 

3.10 ± 0.83 4.46 ± 1.01 4.89 ± 0.70 0.365 

    Urea 
13

C 0.15 ± 0.01
a
 0.15 ± 0.02

ab
 0.18 ± 0.01

b 
<0.001 

Urine (MPE)     

    Urea-nitrogen 
15

N
4 

1.94 ± 0.16
a 

2.12 ± 0.22
a 

3.69 ± 0.15
b 

<0.001 

    Urea 
13

C 1.26 ± 0.30
a
 1.28 ± 0.38

a
 3.76 ± 0.28

b
 <0.001 

Digesta ammonia (MPE)
5
     

    Stomach 
15

N 4.37 ± 1.30 8.25 ± 1.83 6.53 ± 1.50 0.276 

    Duodenum 
15

N
 

4.26 ± 0.70
a 

7.66 ± 0.70
b 

3.94 ± 0.57
a 

0.019 

    Jejunum 
15

N
 

1.02 ± 0.15 0.64 ± 0.21 0.80 ± 0.17 0.374 

    Ileum 
15

N
 

0.45 ± 0.10
a
 0.23 ± 0.19

ab
 0.95 ± 0.10

b
 <0.001 

1
 Pigs were fed one of three diets: Control (CON, 16.9% CP), High fibre (HF, 12% added 

pectin), Low protein (LP, 13.2% CP)
  

2
 Values are least square means ± standard error 

3
 n = 6 for all treatments 

4
 Calculated as: [(

14
N

15
N-urea MPE × 1) + (

15
N

15
N-urea MPE × 2)]/2 

5
 CON (n = 4), HF (n = 2), LP (n = 3) for stomach, duodenum, and jejunum ammonia 

isotopic enrichment  
a,b

 Means in the same row without a common superscript are different (P < 0.05) 
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Table 4.4  Urea flux and recycling based on simple isotope dilution calculations as well 

as ileal ammonia flux and fermentative amino acid catabolism in the upper gut (FAAC, 

Fdi) (mmol N/kg BW/d) in growing pigs after a 4 d continuous infusion of 
13

C-urea and 
15

N-ammonium chloride
1,2

 

 Treatment  

 CON (n = 6) HF (n = 4) LP (n = 6) P-value 

Plasma urea flux 25.3 ± 1.88
a
 25.7 ± 2.69

a
 10.3 ± 1.79

b
 <0.001 

Urea recycling 12.1 ± 1.38
a
 11.3 ± 1.72

a
 3.23 ± 1.32

b 
<0.01 

Urea recycling (% of urea flux) 42.7 ± 4.58 40.7 ± 6.31 35.2 ± 4.34 0.445 

Ileal ammonia flux 134 ± 13.1
a
 198 ± 16.3

b
 106 ± 12.5

a
 0.004 

FAAC (Fdi)
3
 102 ± 13.2

a
 165 ± 16.5

b
 82.2 ± 12.6

a
 0.007 

1
 Pigs were fed one of three diets: Control (CON, 16.9% CP), High fibre (HF, 12% added 

pectin), Low protein (LP, 13.2% CP) 
2 

Values are least square means ± standard error 
3
 Calculated as: ammonia flux – (urea recycling + ammonia infusion) 

a,b
 Means in the same row without a common superscript are different (P < 0.05) 
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Table 4.5  Range of total nitrogen flow (mmol N/kg BW/d) for key ileal nitrogen fluxes 

based on isotopic flows through a two-pool model in growing pigs after a 4 d continuous 

infusion of 
13

C-urea and 
15

N-ammonium chloride
1,2

 

1
 Pigs were fed one of three diets: Control (CON, 16.9% CP), High fibre (HF, 12% added pectin), 

Low protein (LP, 13.2% CP) 
2 
Values are least square means ± standard error 

a,b
 Means in the same row without a common superscript are different (P < 0.05) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Treatment  

 CON (n = 6) HF (n = 4) LP (n = 6) P-value 

Fermentative amino acid catabolism (Fdi)  

Minimum 0.00 0.00 0.00 - 

Maximum 32.9 ± 1.17
a 

33.4 ± 2.16
a 

17.4 ± 1.17
b 

<0.001 

Nitrogen incorporation into microbial protein (Fim)  

Minimum 5.19 ± 0.52
a
 4.88 ± 0.65

a
 2.26 ± 0.49

b 
0.003 

Maximum 19.1 ± 0.74
a 

19.1 ± 1.36
ab 

12.3 ± 0.74
b 

<0.001 

Ammonia absorption (Fip)    

Minimum 7.34 ± 0.97
a 

6.83 ± 1.20
a 

1.55 ± 0.92
b 

0.002 

Maximum 25.0 ± 1.88
a 

25.4 ± 2.70
a 

9.92 ± 1.79
b 

<0.001 

Endogenous amino acid catabolism (Fep)  

Minimum 0.00 0.00 0.00 - 

Maximum 17.9 ± 0.85
a
 18.7 ± 1.56

ab
 8.18 ± 0.85

b 
<0.001 
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Figure 4.1  Static two-pool model for nitrogen flow.  Where Fxy is the movement of 

nitrogen from pool x to pool y, IAMMONIA and IUREA are the infusions of 
15

N-ammonium 

chloride and 
13

C-urea, and mAA, dAA, and eAA, are microbial, dietary, and endogenous 

AA. 
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5.0 LOWER GUT NITROGEN SUPPLY DOES NOT AFFECT APPARENT  

ILEAL DIGESTIBILITY OF AMINO ACIDS IN GROWING PIGS
3
 

 

5.1 Abstract 

 

An implicit assumption in using measures of apparent ileal digestibility (AID) to 

estimate bioavailability of amino acids (AA) and nitrogen is that lower gut nitrogen 

supply has no effect on upper gut AA flow, as it is thought that the lower gut is incapable 

of significant AA absorption.  However, the absorption of ammonia from the lower gut, 

from the catabolism of AA by lower gut microflora, may have an impact on upper gut 

nitrogen metabolism as a result of urea recycling.  The objective of this study was to 

determine the AID of nitrogen and AA in growing pigs in which casein or urea was 

infused into the caecum at 40% of nitrogen intake.  Eight ileally and caecally cannulated 

pigs with an initial BW of 23.3 ± 0.55 kg were randomly assigned to 1 of 3 caecal 

infusion treatments: saline, casein, or urea according to a crossover design based on two 3 

x 3 Latin Squares.  Each experimental period was 9 d in duration and consisted of a 5 d 

adaptation period followed by two consecutive 2 d collection periods.  Digesta samples 

were collected and pooled for each 2 d period.  Titanium dioxide was included in the diet 

as an indigestible marker.  There was no effect of lower gut nitrogen supply on AID, or 

ileal flow of dry matter, organic matter, total nitrogen, or any of the AA (P > 0.05).   

Absorption of nitrogen and AA from the lower gut appears to have no influence on urea 

recycling and utilization in the upper gut.  Further studies on the impact of lower gut 

nitrogen supply on urea kinetics and nitrogen balance are warranted.  

                                                 
3
 Published in part: Columbus, D., M.F. Fuller, J.K. Htoo, and C.F.M. de Lange. 2012. Lower gut nitrogen 

supply has no effect on apparent ileal digestibility of nitrogen or amino acids in growing pigs. J. Anim. Sci. 
In press. 
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5.2 Introduction 

 

Two implicit assumptions in using measures of apparent ileal digestibility (AID) 

to estimate bioavailability of amino acids (AA) is that AA are not absorbed from the 

lower gut (caecum and colon) and that nitrogen absorption from the lower gut has no 

effect on upper gut AA flow.  This assumption is evident during the determination of 

AID with ileal-cannulated animals where the AA flow to the lower gut is interrupted or 

reduced or with the technique of ileo-rectal anastomosis where the caecum is removed or 

isolated (Stein et al., 2007b). 

The lower gut has largely been ignored with respect to meeting AA requirements 

because it is assumed that the caecum and colon are incapable of absorbing AA in 

nutritionally significant quantities.  This assumption has been challenged by studies in 

which AA transporters and AA uptake has been demonstrated in colonocytes (James and 

Smith, 1976; Smith and James, 1976; Blachier et al., 2007).  Moreover, undigested 

protein from the upper gut and endogenous secretions into the lower gut are susceptible 

to catabolism by resident microbes, a process which results in the production of ammonia 

among other metabolites.  Ammonia generated in the lower gut is absorbed and utilized 

for urea production in the liver, the majority of which is excreted in urine (Canh et al., 

1997; Groff and Gropper, 2000).  However, a proportion of urea is recycled into the 

upper gut where it may be used for de novo microbial AA synthesis, reabsorbed as 

ammonia, or enters the lower gut (Mosenthin et al., 1992a; Lobley et al., 2000).  This 

proportion of recycled urea that is not directly reabsorbed would result in a decrease in 

the AID of nitrogen and AA.   
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It was hypothesized that the infusion of nitrogen into the lower gut will result in 

an increase in ammonia absorption, urea production, and urea recycling into the upper 

gut, resulting in an increase in ileal nitrogen flow and consequently a decrease in the 

measured AID of nitrogen and AA.  The objective of this study was to determine the AID 

of nitrogen and AA in growing pigs in which casein or urea was infused into the caecum. 

 

5.3 Materials and Methods 

 

5.3.1 Animals, diets, and general experimental design 

 

A total of 8 gilts with an initial BW of 23.3 kg (SD = 0.55) were obtained from 

the Arkell Swine Research Station at the University of Guelph (Arkell, ON).  During 

recovery from surgery, pigs were individually housed in smooth-sided floor pens in a 

temperature controlled room at 21
o
C (Möhn et al., 2000).  During the experimental 

periods pigs were individually housed in smooth-sided metabolic crates.   

Prior to surgery, all pigs were fed a standard corn and soybean meal-based diet.  

During the experimental periods, all pigs were fed the same cornstarch and soybean-meal 

based valine-limiting diet.  The experimental diet was formulated based on published 

nutrient contents of ingredients according to NRC (1998), except for NE values which 

were obtained from CVB (2003).  All indispensable AA were supplied to exceed 

requirements by 10% except for valine which was formulated to be 20% below 

requirements according to NRC (1998).  A mixture of synthetic dispensable AA was 

added to the diet to ensure that they were not limiting and to adjust the dietary lysine 

content to 7.08% of total protein (NRC, 1998).  The ratio of AA among dispensable AA 

in the diet was based on whole-body dispensable AA content reported by Lenis et al. 
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(1999).  Titanium dioxide (Sigma-Aldrich Corporation, St. Louis, MO) was added to the 

diet as an indigestible marker for determination of nutrient digestibility (Myers et al., 

2004). 

The diet first-limiting in valine was formulated for this study based on the 

expected response in body protein deposition and, therefore, nitrogen balance for the 

subsequent study (Chapter 6).  The expected response in protein deposition was based on 

estimates of incorporation of non-protein nitrogen (NPN) into microbial valine, microbial 

valine absorption, and whole-body valine content in pigs.  Valine has been shown, 

amongst indispensable AA, to have the highest level of incorporation of 
15

N from NPN 

sources in ileal digesta and ileal microbes (Libao-Mercado, 2007) and plasma free AA 

(Metges et al., 1999a). Valine also exhibits the highest ratio of 
15

N in plasma AA to 
15

N 

in microbial AA (Metges et al., 1999a).  These findings indicate that microbial 

production of valine and absorption of microbial valine are high and would, therefore, 

have the largest impact on whole-body nitrogen balance among indispensable AA, 

assuming a whole-body valine content of 4.69% (Kyriazakis et al., 1993).   

After surgery, all pigs were fed increasing amounts of the experimental diet until 

they had returned to pre-surgical intake levels.  Thereafter, all pigs were fed the 

experimental diet to 2.8 times maintenance DE requirements per day (800 KJ per kg of 

BW
0.60

) according to Birkett and de Lange (2001) and based on estimated mid-period 

BW.  Pigs were weighed at the start and the end of each experimental period.  It was 

confirmed that protein deposition in the pigs was limited by valine, rather than energy, 

intake by estimating protein deposition based on dietary valine intake and the effect of 

ME intake on protein deposition reported by Möhn and de Lange (1998).   Pigs were 
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given their daily ration as a wet mash in 3 equal meals per day at 0830, 1230, and 1630 h.  

Water was freely available from nipple drinkers for the duration of the study.   

 

5.3.2 Surgery and nitrogen infusion 

Two weeks prior to the start of the first infusion, pigs were fitted with a simple T-

cannula at the distal ileum for collection of ileal digesta (Nyachoti et al., 1997; Zhu et al., 

2003).  Pigs were also fitted with a smaller cannula (7.5 cm barrel height × 2 cm O.D.) in 

the caecum for infusion of saline, casein, or urea solutions using the method for ileal 

cannulation with minor modifications.  The caecum was visualized and incised between 

the caecal taenia.  An additional plastic retainer ring (6.5 cm diameter) was placed at the 

base of the cannula and inserted into the caecum to provide additional support for the 

cannula.  The cannula barrel was exteriorized through the body wall caudal to the ribs 

and as dorsal as possible.   

Pigs were continuously infused intra-caecally with a solution of saline (0.9% 

NaCl) or saline with sodium-caseinate (MGL001, L.V. Lomas, Ltd., Brampton, ON) or 

urea (Fisher Scientific Company, Ottawa, ON) for a period of 9 d.  Solutions were 

infused at approximately 1.4 mL/min using a peristaltic pump (Watson-Marlow 323S, 4-

roller pump head; Watson-Marlow Pumps Group, MA, USA) and the concentration of 

the infusate was adjusted for each period to provide nitrogen from casein or urea 

equivalent to 40% of dietary nitrogen intake.  At least 2 pigs were assigned to each 

infusion treatment per period according to the protocol for a crossover design with 3 

treatments and 3 consecutive experimental periods (Kuehl, 2000). 
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5.3.3 Sample collection, processing, and analysis 

 

Ileal digesta was collected in a plastic bag attached to the ileal cannula for an 8 h 

period per day starting at 0800 h on the last 4 d of the infusion period.  To inhibit 

microbial activity in collected digesta, 5 mL of 10% formic acid was added to the 

collection bags according to Htoo et al. (2007).  Bags were changed every 2 h, or as 

required, and collected digesta placed on ice until the end of the collection period.  

Collected digesta from each 2 d period were pooled per pig, divided into several aliquots, 

further acidified with 10% formic acid at a rate of 1 mL acid per 10 mL digesta, and 

stored at -20
o
C until further processing.  Samples of digesta were prepared for analysis by 

freeze-drying (Virtis Model 100, SP Scientific, Stone Ridge, NY) and then grinding to a 

fine powder using a mortar and pestle.  Dry matter content of digesta was determined by 

oven drying at 103
o
C to a constant weight for a minimum of 24 h according to AOAC 

(1997).  Organic matter content in digesta was determined by ashing digesta at 600
o
C for 

12 h and calculating the total dry weight and ash weight AOAC (1997).  Titanium 

dioxide was determined according to Myers et al. (2004).     

Total nitrogen and AA content of the experimental diet and ileal digesta was 

determined in the lab of Evonik Industries AG (Hanau, Germany) according to Llames 

and Fontaine (1994) and Commission Directive (1998, 2000).  In short, AA content was 

determined by ion-exchange chromatography with post-column derivatization with 

ninhydrin. Amino acids were oxidized with performic acid, which was neutralized with 

sodium metabisulfite. Amino acids were liberated from the protein by hydrolysis with 6N 

hydrochloric acid for 24 h at 110°C. Amino acids were quantified with the internal 

standard method by measuring the absorption of reaction products with ninhydrin at 570 



86 

 

nm.  Tryptophan was determined by HPLC with fluorescence detection (extinction 280 

nm, emission 356 nm), after alkaline hydrolysis with barium hydroxide octahydrate for 

20 h at 110°.  Total nitrogen content was determined using a LECO FP-2000 automatic 

analyzer and crude protein content determined by multiplying the value by 6.25. 

 

5.3.4 Statistical analysis 

 

All data were analyzed using the mixed model procedure (PROC MIXED) of the 

SAS statistical program (SAS 9.1, SAS Institute, Inc.).  Pig was included as a random 

variable and treatment, period, and previous treatment were included as fixed effects.  

The effect of previous treatment was found to be insignificant and was removed.  

Differences between least square means were determined using the Tukey test and were 

considered significantly different at P ≤ 0.05. 

 

5.4 Results 

 

Based on analyzed nutrient contents the experimental diet was prepared 

accurately (Table 5.1 and 5.2).  All pigs fully recovered from surgery and had achieved 

pre-surgical dietary intake levels within 3 d of cannulation.  The caecal cannula in one 

pig failed during the first period and the pig was removed from the study.  Mid-period 

body weight of pigs was 29.4, 37.7, and 43.4 ± 0.9 kg for periods 1, 2, and 3, 

respectively.  The amount of nitrogen infused from either casein or urea was confirmed to 

be approximately 40% of intake and did not differ between the two nitrogen infusion 

treatments (P > 0.05; Table 5.3).  Dry matter intake (P = 0.231) and total nitrogen intake 

(P = 0.231) were not different across the treatments.   
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There was no impact of lower gut nitrogen supply on AID of DM, OM, total 

nitrogen, or any of the AA measured (P > 0.05; Table 5.4).  Subsequently, there was no 

impact of lower gut nitrogen supply on ileal flow of DM, OM, total nitrogen, or any of 

the AA (P > 0.05; Table 5.5).   

  

5.5 Discussion 

 

Ileal digestibility is an important method for estimating bioavailability of AA in 

pig feed ingredients.  Accurate estimates of the bioavailable AA content in feeds and 

foods allow for greater precision when matching AA intake with AA requirements.  An 

implicit assumption in using measures of AID to estimate AA bioavailability is that lower 

gut nitrogen absorption has no effect on upper gut nitrogen flow, which includes 

endogenous losses and urea recycling.  This assumption is important given that all 

methods available for determination of ileal digestibility involve reduction or elimination 

of the flow of nutrients into the lower gut and, in the case of ileo-rectal anastomosis or 

ileostomy, removal of the lower gut altogether (Stein et al., 2007b).  The contribution of 

the lower gut to whole-body nitrogen metabolism is, therefore, altered during measures of 

ileal digestibility, possibly resulting in inaccurate estimates of AA bioavailability. 

It is generally assumed that enzymatic protein digestion and absorption of intact 

AA is localized in the small intestine (Zebrowska, 1973; Sauer, 1976; Hodgdon et al., 

1977; Just et al., 1981) and that AA disappearance from the lower gut is due to 

fermentation of undigested dietary protein and, therefore, of little nutritional significance 

(Fuller and Reeds, 1998).  This results in a loss of nitrogen available for body protein 

synthesis since absorbed ammonia is largely excreted in urine as urea (Canh et al., 1997).  
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However, it has been demonstrated in both monogastrics and ruminants that a proportion 

of urea flux is recycled into the gastrointestinal tract instead of being excreted 

(Mosenthin et al., 1992a; Fuller and Reeds, 1998).  Urea that enters the gastrointestinal 

tract can be hydrolyzed by resident microflora with the resulting ammonia utilized for de 

novo microbial AA synthesis, reabsorbed and excreted as urea, or excreted into the lower 

gut and faeces (Jackson et al., 1984; Lobley et al., 2000).   

The possibility exists that an increase in urea flux due to absorption of ammonia 

from the lower gut would in turn lead to an increase in urea recycling into the upper gut 

with subsequent increase in microbial AA synthesis and nitrogen loss at the ileum.  

Indeed, Miner-Williams et al. (2009) demonstrated in pigs that over 60% of nitrogen flow 

at the ileum represented microbial nitrogen as well as ammonia and urea suggesting not 

only secretion of significant amounts of urea into the upper gut but also substantial upper 

gut microbial activity allowing for urea hydrolysis.  Therefore, it can be hypothesized 

that dietary components with a higher indigestible protein content may result in more 

protein fermentation in the lower gut with subsequent recycling into the upper gut leading 

to a decrease in AID of nitrogen and AA in the upper gut.  This would be misleading 

when using traditional methods for determination of ileal digestibility.   The objective of 

this study was to determine the effect of nitrogen supply in the lower gut, either as intact 

protein (casein) or NPN (urea) on AID of nitrogen and AA. 

Based on the results of this study, lower gut N supply has no effect on measures 

of AID.  These results provide further evidence for the validity of the use of ileal 

digestibility to estimate AA bioavailability and the acceptability of current methods of 

measuring ileal digestibility.  However, given that a proportion of lower gut nitrogen 
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absorption can be recycled into the upper gut and incorporated into microbial protein and 

that it has been demonstrated that this contributes to ileal flow of nitrogen, it is possible 

that ileal digestibility may not be a sufficiently sensitive measure for evaluation of the 

impact of lower gut nitrogen supply on nitrogen metabolism in the upper gut.  It is also 

possible that urea recycling contributes to upper gut nitrogen metabolism, but that the 

majority of the urea recycled is reabsorbed, either as ammonia or microbial AA, prior to 

the ileum and would, therefore, not affect measures of ileal digestibility.  Further studies 

utilizing more sensitive techniques may be required in order to further confirm the 

findings of this study. 

 

5.6 Conclusions and Implications 

 

 These results further validate the methodology available for determination of ileal 

digestibility and the use of ileal digestibility to estimate bioavailability of AA and 

nitrogen.  These findings also allow for the utilization of ileal digestibility values during 

lower gut infusion studies in order to determine lower gut nitrogen balance and, 

therefore, the contribution of lower gut nitrogen absorption to nitrogen supply in the pig. 
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Table 5.1  Ingredient composition and calculated nutrient content (adjusted to 90% dry-matter 

basis) of a valine-limiting diet for determination of impact of lower gut nitrogen supply on 

apparent ileal digestibility in growing pigs 

Ingredient Inclusion (kg) 

     Cornstarch 51.9 

     Soybean meal, dehulled 22.5 

     Sucrose 10.00 

     Cellulose 4.00 

     Pectin 2.00 

     Animal/vegetable fat blend 3.00 

     L-Histidine 0.016 

     L-Isoleucine 0.050 

     L-Leucine 0.166 

     L-Lysine•HCl 0.352 

     DL-Methionine 0.099 

     L-Phenylalanine 0.041 

     L-Threonine 0.199 

     L-Tryptophan 0.031 

     L-Alanine
1
 0.198 

     L-Asparagine
1
 0.158 

     L-Aspartic acid
1
 0.297 

     L-Cysteine•HCl•H2O 0.129 

     L-Glutamic acid
1
 0.436 

     L-Glutamine
1
 0.218 

     L-Glycine
1
 0.337 

     L-Proline
1
 0.198 

     L-Serine
1
 0.139 

     Limestone 0.77 

     Salt 0.50 

     Monocalcium phosphate 1.80 

     Vitamin/mineral premix
2
 0.60 

     Titanium dioxide 0.10 

Calculated nutrient content
3
  

     Dry matter (%) 89.0 

     Digestible energy (MJ/kg)
4 

15.5 

     Crude protein (%) 13.7 

     SID
5 
arginine (%) 0.75 

     SID histidine (%) 0.28 

     SID
 
isoleucine (%) 0.49 

     SID leucine (%) 0.90 

     Total lysine (%) 0.97 

     SID lysine (%) 0.90 

     SID methionine (%) 0.24 

     SID methionine + cysteine (%) 0.51 

     SID phenylalanine (%) 0.53 

     SID phenylalanine + tyrosine (%) 0.90 

     SID valine (%) 0.46 

     SID threonine (%) 0.56 

     SID tryptophan (%) 0.16 

     Calcium (%) 0.66 

     Phosphorus (%) 0.56 
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1
 The dispensable AA profile was based on Lenis et al. (1999) 

2
 Supplied per kg of complete diet: vitamin A, 10,000 IU as retinyl acetate (2.5 mg) and 

retinyl palmitate (1.7 mg); vitamin D3, 1,000 IU as cholecalciferol; vitamin E, 56 IU as 

dl-α-tocopherol acetate (44 mg); vitamin K, 2.5 mg as menadione; choline, 500 mg; 

pantothenic acid, 15 mg; riboflavin, 5 mg; folic acid, 2 mg; niacin, 25 mg; thiamine, 1.5 

mg; vitamin B6, 1.5 mg; biotin, 0.2 mg; vitamin B12, 0.025 mg; Se, 0.3 mg from 

Na2SeO3; Cu, 15 mg from CuSO4.5H2O; Zn, 104 mg from ZnO; Fe, 100 mg from FeSO4; 

Mn, 19 mg from MnO2; and I, 0.3 mg from KI (DSM Nutritional Products Canada Inc., 

Ayr, ON) 
3
 Nutrient content of diet estimated based on nutrient content of feed ingredients 

according to NRC (1998) and CVB (2003) 
4
 DE content of synthetic AA based on GE according to (Boisen and Verstegen, 2000) 

assuming 100% digestibility 
5
 Standardized ileal digestible 

6
 All supplemental AA provided by Evonik Industries AG (Hanau, Germany) 
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Table 5.2  Analyzed nutrient content (adjusted to 90% dry-matter basis) of a valine-

limiting diet for determination of impact of lower gut nitrogen supply on apparent ileal 

digestibility in growing pigs 

Item  

Chemical analysis  

     Dry matter (%) 90.9 

     Gross energy (MJ/kg)
 

14.9 

     Crude protein (%) 14.8 

     Crude fat (%) 2.88 

     Calcium (%) 0.62 

     Phosphorus (%) 0.53 

Amino acids (%)  
     Arginine 0.87 
     Histidine 0.33 
     Isoleucine 0.58 
     Leucine 1.10 
     Lysine 1.01 
     Methionine 0.27 
     Phenylalanine 0.65 
     Valine 0.57 
     Threonine 0.65 
     Tryptophan 0.19 
     Alanine 0.72 
     Aspartic acid 1.81 
     Cysteine 0.26 
     Glutamic acid 2.82 
     Glycine 0.84 
     Proline 0.82 
     Serine 0.75 
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Table 5.3  Body weight, feed intake, and nitrogen infused per treatment in pigs fed a 

valine-limiting diet and infused caecally with saline, casein, or urea 

 Treatment   

Item Saline Casein Urea SE (n=7) P-value
1
 

Body weight (kg) 37.0
 

36.8
 

36.7 0.94 0.842 

Dry matter intake (g/d) 1,088
 

1,073
 

1,082
 

0.015 0.231 

Nitrogen intake (g/d) 28.6 28.2 28.4 0.40 0.231 

Nitrogen infused (g/d) 0.0
a 

12.0
b 

11.4
b 

0.30 <0.001 

Nitrogen infused (% intake) 0.0
a 

43.2
b 

40.1
b 

0.94 <0.001 
1
 Main effect of treatment 

a,b
 Values within a row without a common superscript differ significantly (P < 0.05) 
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Table 5.4  Apparent ileal digestibility (%) of dry matter, organic matter, nitrogen and 

amino acids in pigs fed a valine-limiting diet and infused caecally with saline, casein, or 

urea 

 Treatment   

Item Saline Casein Urea SE (n=7) P-value
1
 

Dry matter 82.8 83.3 83.3 0.66 0.669 

Organic matter 84.5 85.1 85.1 0.62 0.578 

Total nitrogen 85.4 83.4 82.7 1.74 0.307 

Amino acids      

     Arginine 89.7 89.3 89.6 0.84 0.826 

     Histidine 85.9 84.5 85.8 1.34 0.646 

     Isoleucine 86.2 84.0 85.9 1.59 0.578 

     Leucine 87.1 85.2 86.8 1.39 0.584 

     Lysine 90.1 89.0 89.9 1.08 0.695 

     Methionine 91.3 89.4 90.8 1.37 0.620 

     Threonine 84.3 83.1 84.0 1.18 0.715 

     Tryptophan 85.5 84.4 85.0 1.08 0.719 

     Phenylalanine 86.3 84.7 85.9 1.33 0.627 

     Valine 82.5 80.0 82.1 1.96 0.624 

     Alanine 85.9 84.8 85.4 1.17 0.698 

     Aspartic acid 88.0 87.1 87.7 1.01 0.698 

     Cysteine 84.7 84.6 84.3 0.97 0.887 

     Glutamic acid 89.3 87.9 88.6 1.63 0.746 

     Glycine 82.3 82.0 83.4 1.83 0.550 

     Proline 83.7 82.1 85.1 2.65 0.631 

     Serine 86.3 84.9 86.2 1.23 0.687 
1
 Main effect of treatment 
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Table 5.5  Ileal flow (g/kg DMI) of dry matter, organic matter, nitrogen, and amino acids 

in pigs fed a valine-limiting diet and infused caecally with saline, casein, or urea 

 Treatment   

Item Saline Casein Urea SE P-value
1
 

Dry matter 172.5 167.2 167.1 6.61 0.669 

Organic matter 163.1 157.0 157.8 6.52 0.578 

Total nitrogen 3.82 4.36 4.55 0.46 0.307 

Amino acids      

     Arginine 0.99 1.03 1.00 0.08 0.826 

     Histidine 0.52 0.58 0.53 0.05 0.646 

     Isoleucine 0.89 1.03 0.91 0.10 0.578 

     Leucine 1.58 1.81 1.62 0.17 0.584 

     Lysine 1.11 1.24 1.14 0.12 0.695 

     Methionine 0.26 0.31 0.27 0.04 0.620 

     Threonine 1.13 1.22 1.15 0.09 0.715 

     Tryptophan 0.30 0.32 0.31 0.02 0.719 

     Phenylalanine 0.99 1.10 1.02 0.10 0.627 

     Valine 1.11 1.27 1.13 0.12 0.624 

     Alanine 1.13 1.22 1.17 0.09 0.698 

     Aspartic acid 2.41 2.60 2.48 0.20 0.698 

     Cysteine 0.44 0.44 0.45 0.03 0.887 

     Glutamic acid 3.34 3.79 3.59 0.51 0.746 

     Glycine 1.64 1.67 1.55 0.17 0.550 

     Proline 1.48 1.62 1.37 0.24 0.656 

     Serine 1.14 1.25 1.15 0.10 0.687 
1
 Main effect of treatment 
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6.0 IMPACT OF LOWER GUT NITROGEN SUPPLY ON NITROGEN 

BALANCE AND UREA KINETICS IN GROWING PIGS FED A VALINE-

LIMITING DIET
4
 

 

6.1 Abstract 

 

Nitrogen absorption from the lower gut is generally thought to be of little 

nutritional significance to monogastric animals and humans.  However, studies have 

shown the presence of amino acid (AA) transporters in porcine colonocytes.  In addition, 

ammonia can be absorbed from the lower gut, converted to urea, recycled into the upper 

gut, and incorporated into microbial AA that may be absorbed and utilized by the host.   

Nitrogen balance and isotope dilution studies were performed to determine the effect of 

lower gut nitrogen supply on nitrogen retention and urea kinetics in growing pigs.  For 

the nitrogen balance study, nine caecally-cannulated (initial BW of 22.8 ± 1.3 kg) were 

used in a crossover design with 3 pigs per treatment in 3 consecutive periods whereas for 

the isotope dilution study, 9 caecally-cannulated and jugular-catheterized barrows (initial 

BW of 22.0 ± 1.8 kg) were used in a completely randomized design.  The same 3 

treatments were examined in the 2 studies: caecal infusion of saline, casein, or urea, the 

latter 2 treatments infused at a rate of 40% of daily nitrogen intake.  Each experimental 

period consisted of a 5 d adaptation period followed by a 4 d nitrogen balance period.  In 

the isotope dilution study, 
15

N
15

N-urea was infused intravenously at a rate of 0.40 

mmol/kg BW/d during the entire nitrogen balance period to determine urea kinetics.  

Among essential AA, the potential contribution of microbial protein to the host’s AA 

supply is largest for valine and, therefore, all pigs were fed a valine-limiting cornstarch-

                                                 
4
 Published in part: Columbus, D., H. Lapierre, M.F. Fuller, J.K. Htoo, and C.F.M. de Lange. 2012. The 

impact of lower gut nitrogen supply on nitrogen balance and urea kinetics in growing pigs fed a valine-
limiting diet. J. Anim. Sci. In press. 
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soybean meal based diet at 2.8 times maintenance DE requirements in 3 equal meals.  

The majority of the infused nitrogen was absorbed and, based on urea flux, this was 

likely in the form of ammonia.  Protein deposition was improved (P < 0.01) with the 

infusion of casein and urea (111 ± 3.3, 125 ± 3.1, and 127 ± 3.0 g/d; for saline, casein, 

and urea, respectively) and did not differ between infusion of casein and urea.  The 

efficiency (% of standardized ileal digestible intake) of using nitrogen (73.9 ± 1.7, 83.8 ± 

1.6, and 84.9 ± 1.5 %; P < 0.001) and valine (94.8 ± 2.1, 108.4 ± 2.0, and 105.9 ± 2.0 %; 

P < 0.001) for whole-body protein and valine retention, respectively, increased for casein 

and urea.  Urea flux and urinary nitrogen excretion increased similarly for both nitrogen 

infusions (P < 0.05) but this increase did not fully account for lower gut nitrogen 

absorption.  Lower gut nitrogen absorption appears to be in the form of non-protein 

nitrogen which is recycled to the gut and can be used for microbial AA production in the 

upper gut and should, therefore, be considered when determining nitrogen and AA 

requirements. 

 

6.2 Introduction 

 

It is generally thought that amino acid (AA) disappearance and nitrogen 

absorption from the lower gut (caecum and colon) is of little nutritional significance to 

the pig.  This is based on the results of a number of studies that show little or no benefit 

of infusing either individual AA or protein-bound AA into the lower gut (Zebrowska, 

1973; Zebrowska, 1975; Wünsche et al., 1982; Darragh et al., 1994; Fuller and Reeds, 

1998).  For example, the infusion of lysine into the colon of pigs receiving a lysine 

deficient diet did not improve whole-body nitrogen balance (Wünsche et al., 1982).  
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Likewise, Darragh et al. (1994) found no improvement in whole-body nitrogen balance of 

pigs fed a diet limiting in sulfur AA when methionine was infused into the colon.   

The results of these studies, however, are in contrast with evidence of AA 

transporters and AA uptake in colonocytes (James and Smith, 1976; Smith and James, 

1976; Blachier et al., 2007).  Moreover, Gargallo and Zimmerman (1981) showed a 

significant improvement in whole-body nitrogen balance in pigs fed low-nitrogen diets 

and infused with casein into the terminal ileum.  In addition, Heine et al. (1987) showed 

that when labelled yeast was infused into the colon of infants, the majority of the label 

that was absorbed (i.e. not excreted in faeces) was retained in body protein and not 

excreted in urine.  The results of these studies suggest that AA are absorbed in the lower 

gut.  However, these studies were performed in young animals or in isolated cells and, 

therefore, do not necessarily indicate what would occur in vivo in animals with mature 

digestive systems. 

Another possible role for lower gut nitrogen absorption is recycling into the upper 

gut for microbial AA synthesis.  It has been suggested that, due to the susceptibility of 

undigested protein to microbial fermentation in the lower gut, nitrogen absorption from 

the lower gut is largely in the form of ammonia (Fuller and Reeds, 1998).  Absorbed 

ammonia contributes to urea flux and is largely excreted in urine (Canh et al., 1997).  

However, it has been demonstrated in both monogastrics and ruminants that a proportion 

of urea flux is recycled into the gastrointestinal tract (Jackson et al., 1984; Mosenthin et 

al., 1992a; Lobley et al., 2000; Kiran and Mutsvangwa, 2010).  In pigs, the majority of 

recycled urea enters via the small intestine (Mosenthin et al., 1992a), where resident 

microflora can utilize the urea-nitrogen for de novo AA synthesis.  Pigs are capable of 
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absorbing and utilizing microbially produced AA (Torrallardona et al., 2003a, 2003b) 

and, therefore, this pathway may be an important method of nitrogen salvage during 

times of AA or nitrogen deficiency. 

It was hypothesized that nitrogen absorption from the lower gut is largely in the 

form of ammonia which may contribute to the AA supply of the pig through urea 

recycling and de novo microbial AA synthesis.  The objective of this study was to 

determine the effect of lower gut nitrogen supply on nitrogen balance and urea kinetics in 

pigs fed a valine-limiting diet. 

 

6.3 Materials and Methods 

6.3.1 Animals, diets, and general experimental design 

 

In order to determine the effect of lower gut nitrogen supply on whole-body 

nitrogen balance and urea kinetics, two groups of pigs were used.  For the main nitrogen 

balance study, a total of 12 barrows (including 3 spares) with an initial BW of 22.0 kg 

(SD = 1.78) were obtained from the Arkell Swine Research Station at the University of 

Guelph (Arkell, ON).  For the isotope tracer study, 12 barrows (including 3 spares) with 

an initial BW of 22.8 kg (SD = 1.34) were obtained from the same source.  During 

recovery from surgery, pigs were individually housed in smooth-sided floor pens in a 

temperature controlled room at 21
o
C with free access to water.  During the adaptation and 

collection periods pigs were individually housed in smooth-sided metabolic crates (Möhn 

et al., 2000) and only received water with meals to avoid excessive water spillage and 

contamination of urine.  A cornstarch-soybean meal-based valine-limiting diet (Table 

6.1) was formulated based on published nutrient contents of ingredients according to 
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NRC (1998), except for NE values which were obtained from CVB (2003).  All 

indispensable AA were supplied to exceed requirements by 10% except for valine which 

was formulated to be 20% below requirements according to NRC (1998).  The diet 

included a mixture of dispensable AA to ensure that they were not limiting and to adjust 

the dietary lysine content to 7.08% of total protein (NRC, 1998).  The dietary dispensable 

AA content was based on whole-body dispensable AA content reported by Lenis et al. 

(1999).  Titanium dioxide (Sigma-Aldrich Corporation, St. Louis, MO) was added to the 

diet as an indigestible marker for determination of nutrient digestibility (Htoo et al., 

2007). 

The diet first-limiting in valine was formulated for this study based on the 

expected response in whole-body protein deposition and, therefore, whole-body nitrogen 

balance and based on estimates of incorporation of non-protein nitrogen (NPN) into 

microbial valine, microbial valine absorption, and whole-body AA content in pigs.  

Valine has been shown, amongst indispensable AA, to have the highest level of 

incorporation of 
15

N from NPN sources in ileal digesta and ileal microbes (Libao-

Mercado, 2007) and plasma free AA (Metges et al., 1999a). Valine also exhibits the 

highest ratio of 
15

N in plasma AA to 
15

N in microbial AA (Metges et al., 1999a).  These 

findings indicate that microbial production of valine and absorption of microbial valine 

are high and would, therefore, have the largest impact on whole-body nitrogen balance 

among indispensable AA, assuming a whole-body valine content of 4.69% (Kyriazakis et 

al., 1993).   

Prior to surgery, pigs were fed a standard corn and soybean meal-based grower 

pig diet.  After surgery, pigs were fed increasing amounts of the experimental diet until 
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they had returned to pre-surgical intake levels.  Thereafter, pigs were fed to 2.8 times 

maintenance DE requirements per day (800 KJ per kg of BW
0.60

) according to Birkett and 

de Lange (2001) and based on the estimated mid-period BW.  It was confirmed that 

protein deposition in the pigs was limited by valine, rather than energy, intake by 

estimating the expected protein deposition based on dietary valine intake and the effect of 

ME intake on protein deposition reported by Möhn and de Lange (1998).   Pigs were 

given their daily ration as a wet mash (water:DM of 3:1) in 3 equal meals per day at 

0830, 1230, and 1630 h. 

 

6.3.2 Surgery and infusions 

 

Two weeks prior to the start of infusions, pigs for both the main nitrogen balance 

study and isotope tracer study were fitted with a simple T-cannula in the caecum for 

infusion of saline, casein, or urea solutions using the method for ileal cannulation as 

previously described (Nyachoti et al., 1997; Zhu et al., 2003) using a smaller cannula 

barrel (7.5 cm height × 2 cm outer diameter) and with minor modifications.  The caecum 

was visualized and incised between the caecal taenia.  An additional plastic retainer ring 

(6.5 cm diameter) was placed at the base of the cannula and inserted into the caecum to 

provide additional support for the cannula.  The cannula barrel was exteriorized through 

the body wall caudal to the ribs and as dorsal as possible.  In addition, pigs for the isotope 

tracer study were implanted with catheters in the left and right external jugular veins to 

allow for infusion of 
15

N
15

N-urea and blood sampling (Libao-Mercado et al., 2009).  

In the main nitrogen balance study, 3 pigs were assigned to each infusion 

treatment per period according to the protocol for a crossover design with 3 treatments 
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and 3 consecutive experimental periods (Kuehl, 2000).  In the isotope tracer study, with 

only one experimental period, 3 pigs were assigned at random to each infusion treatment.  

Pigs were infused intra-caecally with a solution of saline (0.9% NaCl) or saline with 

sodium-caseinate (Dana Foods, Hillsboro, MI, USA) or urea (Fisher Scientific Company, 

Ottawa, ON).  Solutions were infused at 1.4 mL/min using a peristaltic pump (Watson-

Marlow 323S, 4-roller pump head; Watson-Marlow Pumps Group, MA, USA) and the 

concentration of the infusion solution was adjusted for each period to provide nitrogen 

from casein or urea equivalent to 40% of dietary nitrogen intake.   

 For determination of urea kinetics in the isotope tracer study, a 24 h infusion of 

saline solution (0.9% NaCl; Baxter Corp, ON, Canada) was followed by a 4 d continuous 

intravenous infusion of a saline solution (0.9% NaCl) containing 16.1 mM of 
15

N
15

N-urea 

(99% MPE; ACP Chemicals, QC, Canada).  Solutions were infused during the 4 d 

collection period at a rate of 0.5 mL/min using a peristaltic pump (Masterflex L/S, Model 

#7523-60, 8-roller pump head; Cole-Palmer Instrument Company, QC, Canada) to 

provide 0.4 mmol/kg BW/d of the labelled urea (Libao-Mercado et al., 2009).   

 

6.3.3 Sample collection, processing, and analysis 

 

Each experimental period consisted of a 5 d adaptation period and 2 consecutive 2 

d collection periods.  In the main nitrogen balance study, a 2 d rest period was allowed 

between experimental periods.  Faeces from each 2 d collection period were pooled per 

pig and stored at -20
o
C until further processing.  Samples of faeces were prepared for 

analysis by freeze-drying (Virtis Model 100, SP Scientific, Stone Ridge, NY) and then 

grinding to a fine powder using a mortar and pestle.  Urine was collected quantitatively 
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each day into containers containing a sufficient quantity of hydrochloric acid to maintain 

pH below 3 (Möhn et al., 2000).  Total urine output was weighed on a daily basis and a 

sub-sample stored until further processing.  Urinary urea concentration was determined 

using an automatic analyzer (Technicon Autoanalyser II, Technicon Instruments Corp., 

Tarrytown, NY) as previously described (Huntington, 1984). 

Dry matter content of faeces was determined by oven drying at 103
o
C to a 

constant weight for a minimum of 24 h (AOAC, 1997).  Organic matter content in faeces 

was determined as the difference between total dry weight and ash weight (AOAC, 

1997).  Titanium dioxide was determined according to Myers et al. (2004).  Amino acid 

content of the experimental diet was determined in the lab of Evonik Industries AG 

(Hanau, Germany) according to Llames and Fontaine, (1994) and Commission Directive 

(1998, 2000).  In short, AA content was determined by ion-exchange chromatography 

with post-column derivatization with ninhydrin. Amino acids were oxidized with 

performic acid, which was neutralized with sodium metabisulfite. Amino acids were 

liberated from the protein by hydrolysis with 6N hydrochloric acid for 24 h at 110°C. 

Amino acids were quantified with the internal standard method by measuring the 

absorption of reaction products with ninhydrin at 570 nm.  Tryptophan was determined 

by HPLC with fluorescence detection (extinction 280 nm, emission 356 nm) after 

alkaline hydrolysis with barium hydroxide octahydrate for 20 h at 110°C.  Total nitrogen 

content was determined in the experimental diet and faeces using a LECO FP-428 

automatic analyzer (AOAC, 1997) and crude protein content determined by multiplying 

the value by 6.25.   
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In the isotope tracer study, blood samples were collected into heparinized 

vacutainers each day of the isotope infusion at 0900 h.  The urea infusion was interrupted 

for approximately 10 min during blood sampling.  Plasma was isolated from blood 

samples by centrifugation at 2,000 × g for 20 min and was stored at -20
o
C until further 

processing.  Plasma urea nitrogen was determined in the Animal Health Lab at the 

University of Guelph (Guelph, ON) using a Roche Urea Reagent kit (UREAL 

04460715190) analyzed on a Hitachi 911 Chemistry Analyzer (Roche Diagnostics 

GmbH; Indianapolis, IN, USA). 

Isotopic enrichment of urea in plasma and faeces was determined in the lab of 

Metabolic Solutions, Inc. (Nashua, New Hampshire, USA).  Samples were prepared for 

analysis according to the method of Kessler and Siekmann (1999).  In brief, plasma or 

urine was deproteinized with ethanol.  After centrifugation at 2,800 × g for 10 min at 

10
o
C, a 100 µL portion of the ethanol supernatant was transferred to another tube for 

further reaction with 20 µL malondialdehyde bis(dimethylacetal) solution (0.3 M) and 40 

µL HCl (250 g/L) and incubated at room temperature for one hour to produce 2-

hydroxypyrimidine.  The reaction solution was evaporated with nitrogen to dryness 

overnight at room temperature.  The residue was reacted with 20 µL of N-methyl-N-

(trimethylsily) trifluoracetamide for one hour at 60
o
C.  Samples were brought to a final 

volume of 100 µL with acetonitrile.  The 
14

N
14

N, 
14

N
15

N, and 
15

N
15

N enrichment of urea 

in blood plasma and urine was determined on an Agilent 5973 GC/MS instrument using 

positive chemical ionization detection with methane gas under SIM mode monitoring 

ions 169, 170, and 171, respectively.  Standards of known isotopic composition were 

used to adjust the mole fraction percent excess.  
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6.3.4 Calculations 

 

Lower gut nitrogen absorption was determined via lower gut nitrogen balance 

(ileal nitrogen flow + caecal nitrogen infusion – faecal nitrogen flow), with ileal flow 

based on ileal digestibility values determined previously (Chapter 5).  The percentage of 

nitrogen absorbed from the lower gut was determined for total nitrogen supply (ileal 

nitrogen flow + caecal nitrogen infusion) as well as for infused nitrogen only with an 

adjustment for basal nitrogen absorption with saline infusion.  Protein deposition was 

estimated based on whole-body nitrogen balance and multiplying nitrogen retention by 

6.25.  The amount of lower gut nitrogen absorption that could be accounted for by the 

increase in urinary urea or nitrogen excretion was determined as the increase in lower gut 

nitrogen absorption with casein or urea infusion above saline divided by the increase in 

urinary urea or nitrogen excretion with casein or urea infusion above saline. 

The efficiency of utilizing standardized ileal digestible (SID) nitrogen (Knitrogen) or 

valine (Kvaline) intake for body protein synthesis was calculated as nitrogen or valine 

retained in whole-body body protein as a percent of SID nitrogen or valine intake above 

maintenance nitrogen or valine requirement.  Standardized ileal digestible nitrogen and 

valine intake was estimated according to NRC (2012).  Maintenance requirements 

include endogenous gut losses and losses with skin and hair and were estimated 

according to NRC (2012).  The efficiency of utilizing total nitrogen supply for whole-

body protein synthesis was determined as for SID nitrogen intake with the addition of 

caecal nitrogen infusion adjusted for basal lower gut nitrogen losses, which were 

assumed to be 10% of endogenous nitrogen losses (NRC, 2012).  The marginal efficiency 

of utilizing lower gut nitrogen absorption for whole-body protein synthesis was 
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determined as the increase in nitrogen retention with infusion of casein or urea above 

saline divided by the increase in lower gut nitrogen absorption with infusion of casein or 

urea above saline.    

 Urea flux was determined according to the equation of Matthews and Downey 

(1984) for simple isotope dilution.  Urea recycling was calculated as the difference 

between urea flux and urinary urea excretion (Mosenthin et al., 1992a).  The amount of 

lower gut nitrogen absorption that could be accounted for by the increase in urea flux was 

determined as the increase in lower gut nitrogen absorption with the infusion of casein or 

urea above saline divided by the increase in urea flux with the infusion of casein or urea 

above saline. 

 

6.3.5 Statistical analysis 

 

All data were analyzed using the mixed model procedure (PROC MIXED) of the 

SAS statistical program (SAS 9.1, SAS Institute, Inc.).  The effect of previous treatment 

was not found to be significant (P > 0.05) and, therefore, nitrogen balance data from both 

the main nitrogen balance study and isotope tracer study were analyzed together.  Square 

and pig within square were included as random variables and treatment and period were 

included as fixed effects.  For the urea kinetics study, treatment was included as a fixed 

effect.  Differences between least square means were determined using the Tukey test and 

were considered significantly different at P ≤ 0.05.  
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6.4 Results 

 

   All pigs fully recovered from surgery and had achieved pre-surgical dietary 

intake levels within 3 d of surgery.  During the main nitrogen balance study, the cannula 

of one pig in each period failed before sample collection.  One pig in the isotope tracer 

study developed diarrhea and was removed from the study.  Based on analyzed nutrient 

contents, the experimental diet was prepared accurately (Tables 6.1 and 6.2).  The 

amount of nitrogen infused was as anticipated and did not differ between the casein and 

urea infusion (P > 0.05).  Body weight and DM and nitrogen intake were consistent 

across treatments (Table 6.3; P > 0.05).  Mid-period BW in period 1, 2, and 3 was 30.4 ± 

0.7 kg and 29.9 ± 0.7, 37.2 ± 0.8, and 44.4 ± 0.8 in the main nitrogen balance study and 

was 30.4 ± 0.7 kg in the isotope tracer study.   

 Apparent faecal digestibility of DM and OM was not different across treatments 

(Table 6.3; P > 0.05), but there was an increase (P < 0.05) in the faecal excretion of DM 

and OM with the infusion of casein compared to saline infusion.  The infusion of 

nitrogen, regardless of source, resulted in a decrease in the apparent faecal digestibility of 

nitrogen with subsequent increase in faecal excretion of nitrogen compared to saline (P < 

0.001), with casein infused pigs having the lowest digestibility and highest excretion 

among all treatments.  The absorption of DM and OM from the lower gut was increased 

with the infusion of casein (P < 0.01), but not urea (P > 0.05), when compared to saline 

infused pigs.  The lower gut absorption of nitrogen was greater in both the casein and 

urea infused pigs compared to saline (P < 0.001) and did not differ between the casein 

and urea infusions (P > 0.05).  Urinary excretion of urea and nitrogen (P < 0.001) was 

increased with the infusion of casein and urea into the lower gut and this increase did not 
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differ between the casein and urea infusions (P > 0.05).  Neither the increase in urea or 

nitrogen excretion in urine completely accounted for the increment of nitrogen absorbed 

from the lower gut with caecal infusions of nitrogen. 

 The infusion of both casein and urea into the lower gut resulted in an increase (P 

< 0.01) in calculated body protein deposition (nitrogen retention × 6.25) compared to 

saline infused pigs.  The efficiency of SID nitrogen utilization for body protein deposition 

was improved (P < 0.001) in pigs receiving either casein or urea.  The efficiency of total 

nitrogen utilization, including lower gut nitrogen supply, for body protein deposition was 

decreased (P < 0.001) in both nitrogen infusion treatments compared to saline.  The 

utilization of absorbed nitrogen from the lower gut averaged 28% and did not differ 

between casein and urea (P > 0.05).  Infusion of nitrogen into the lower gut resulted in an 

increase in the utilization of SID valine for body protein deposition (P < 0.001).  Infusion 

of casein and urea yielded similar efficiencies of using nitrogen or valine intake for body 

protein deposition (P > 0.05).  

 Isotopic steady state was confirmed by comparing urea enrichment values from d 

3 and d 4 of the infusion, which were not different (data not shown; P > 0.05).  It has also 

been shown previously that the infusion protocol in this study results in isotopic steady 

state within 2 d of the start of infusion (Libao-Mercado et al., 2009).  Urea flux was 

increased (P < 0.05) with the infusion of nitrogen into the lower gut and this increase was 

not different between casein and urea (P > 0.05).  When calculated using urinary 

enrichment values, the amount of urea recycled was increased (P < 0.05) when infusing 

urea, and only numerically increased (P > 0.05) when infusing casein, compared to saline 

infusion.  The increase in urea flux accounted for nearly all of the lower gut absorption of 
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nitrogen in pigs infused with casein and urea.  Numerical increases in urea recycling were 

observed for both casein and urea infusion when calculated using either urinary or plasma 

enrichment values.  

 

6.5 Discussion 

 

 The objective of this study was to determine the impact of lower gut nitrogen 

supply, as either protein or NPN, on urea kinetics and nitrogen balance in growing pigs 

fed a diet limiting in an indispensable AA.  To achieve this objective, two continuous 

infusion and nitrogen balance studies were performed using an intracaecal infusion of 

saline, casein, or urea in pigs fed a diet first-limiting in valine.  In the second study, an 

additional intravenous infusion of isotopic urea was used to evaluate urea kinetics. 

In the present study, the majority of the caecally-infused nitrogen was absorbed, 

regardless of the source of nitrogen being infused.  While this would appear to indicate 

that the lower gut is capable of absorption of both intact AA as well as ammonia, it is 

more likely that nitrogen was absorbed as ammonia with both infusion treatments.  

Evidence for this conclusion is provided by the fact that the increase in urinary nitrogen 

and urea excretion, urea flux, and protein deposition in the current study were the same in 

both the casein and urea infused pigs.  In addition, the increase in urea flux observed with 

both treatments accounted for nearly all of the nitrogen absorbed from the lower gut.   

The slight decrease in apparent faecal digestibility of nitrogen with the infusion of 

casein indicates either incomplete fermentation of protein in the lower gut or an increase 

in faecal biomass due to fixation of NPN or incorporation of preformed AA from casein 

into microbial protein.  It has been shown previously that gut microbes preferentially use 

preformed dietary and endogenous AA instead of urea when synthesizing microbial 
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protein (Libao-Mercado et al., 2009).  It is likely that microbial protein excretion with 

faeces is highest in pigs on the casein treatment, but this remains to be confirmed.   

Increasing the supply of nitrogen via the lower gut resulted in an increase in 

protein deposition and in the efficiency of utilizing SID nitrogen (Knitrogen) and valine 

(Kvaline) for whole-body protein synthesis.  In general, infusing nitrogen or AA directly 

into the lower gut has been shown to have little effect on whole-body nitrogen retention 

in pigs (Darragh et al., 1994; Fuller and Reeds, 1998).  Likewise, providing supplemental 

urea or ammonium salts in swine diets has yielded inconsistent results (Kornegay et al., 

1970; Wehrbein et al., 1970; Grimson and Bowland, 1971; Clawson and Armstrong, 

1981).  Previous studies have demonstrated very little effect of colonic protein or AA 

infusion on faecal digestibility but a significant increase in urinary nitrogen excretion, 

indicating that while nitrogen is absorbed from the lower gut it is not utilized by the pig 

for body protein retention.  In contrast to previous studies, the results of the current study 

show that nitrogen absorbed from the lower gut can contribute to body protein synthesis.  

This is in agreement with the study of Gargallo and Zimmerman (1981) who 

demonstrated an increase in nitrogen retention in pigs infused with casein at the terminal 

ileum.  In the review by Fuller and Reeds (1998), although nitrogen balance is not 

significantly improved, it was reported that there is almost always a positive response in 

nitrogen balance to lower gut nitrogen infusion indicating that with proper experimental 

methods, including an AA-limiting experimental diet, and precision, the utilization of 

lower gut nitrogen may have been significant.   

There are two possible explanations for the contradictions in studies examining 

the effect of NPN on growth performance and nitrogen balance in pigs.  First, the results 



111 

 

of the current study indicate that nitrogen absorbed from the lower gut is not used as 

efficiently for body protein deposition as ileal digestible nitrogen.  This is based on the 

reduced Knitrogen on total nitrogen supply and the marginal Knitrogen of lower gut nitrogen 

supply.  In previous studies, the amount of AA infused was generally equal to the amount 

required to correct the dietary imbalance and does not take into account the utilization of 

nitrogen absorbed from the lower gut for body protein synthesis, which was 

approximately 20% in the current study.    

Second, the ability to correct an indispensable AA deficiency by providing NPN 

may be limiting and dependent on the AA that is deficient in the diet.  As stated 

previously, based on estimates of the incorporation of NPN into microbial AA and the 

microbial valine and body protein valine content, microbial valine has the largest 

potential impact on protein synthesis.  In the current study, a significant impact on valine 

and nitrogen utilization efficiency for protein deposition was observed, indicating that a 

significant amount of microbial valine production and absorption occurred with an 

increase in lower gut nitrogen supply.  This same degree of improvement may not be 

achieved with other indispensable AA, such as lysine, where the rate of microbial 

production and supply to the host may not be as high as for valine (Metges et al., 1999a; 

Torrallardona et al., 2003a; Libao-Mercado, 2007).   

Pigs are incapable of endogenous production of indispensable AA, including 

valine, unless the appropriate α-keto acid is provided.  It can, therefore, be assumed that 

the improvement in nitrogen balance and efficiency of utilizing nitrogen and valine for 

whole-body protein synthesis in the current study, in which pigs were fed a valine-

limiting diet, would likely be the result of microbial AA production.  It has been 
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suggested that an increase in ammonia load would increase the need for amino-nitrogen 

from AA catabolism for urea synthesis (Reynolds, 1992).  However, using isolated ovine 

hepatocytes and isotopic tracers, Mutsvangwa et al. (1999) and Luo et al. (1995) 

concluded that while AA nitrogen is incorporated into urea when AA are present, this 

contribution is not a requirement for urea synthesis.  Therefore, since only ammonia-

nitrogen and not amino-nitrogen is required for urea synthesis to proceed, an increase in 

ammonia load may actually reduce endogenous AA catabolism.  It is unlikely that urea 

synthesis would have an effect on the valine supply since valine is primarily catabolized 

in the peripheral tissues and not the liver (Harper et al., 1984).  The impact of increased 

ammonia load on AA catabolism in pigs remains to be explored. 

It is important to note that the increase in urinary urea and nitrogen excretion 

observed with both nitrogen infusions did not fully account for the amount of nitrogen 

absorbed from the lower gut on these treatments.  This demonstrates that nitrogen 

absorbed from the lower gut, regardless of the source and form, is able to contribute to 

whole-body protein synthesis.  The ability to retain nitrogen absorbed from the lower gut 

has been demonstrated previously in infant and adult humans (Heine et al., 1987; Moran 

and Jackson, 1990a; Moran and Jackson, 1990b).  In these studies, retention was 

determined by the difference between the amount of isotope infused, as either urea or 

protein, and the amount recovered in both urine and faeces.  Heine et al. (1987) 

interpreted the results as demonstrating the ability of the lower gut to absorb AA, 

however, since AA enrichment in the whole-body or plasma was not determined, this 

conclusion is not supported by direct observation.  The absorption of urea and ammonia 

from the lower gut was confirmed by Moran and Jackson (1990a, 1990b).  Moreover, it 
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was shown that more than half of the labelled urea dose was retained.  This is in 

agreement with Patterson et al. (1995) and Stein et al. (1986) who found that more than 

50% of orally administered ammonium chloride was retained and this was confirmed to 

be in the form of AA (Patterson et al., 1995).  These studies and the results reported 

herein provide evidence that NPN supply, including lower gut nitrogen absorption, can be 

utilized and retained within the monogastric.   

 It has been shown that nitrogen retention, and therefore nitrogen and valine 

utilization, is overestimated when determined by nitrogen balance compared to the serial 

slaughter method (Quiniou et al., 1995; Möhn et al., 2000; de Lange et al., 2001) and that 

the difference between the two can be large and highly variable (Quiniou et al., 1995).  

This difference can be attributed to overestimation of intake or underestimation of 

excretion due to incomplete collection of nitrogen in faeces and urine (e.g. the gaseous 

loss of nitrogen as ammonia from urine and faeces).  If it can be assumed that the degree 

of nitrogen loss from urine and faeces is not dependent on treatments or nitrogen 

concentration in the samples then the relative changes in retention and utilization 

efficiency are valid for determining treatment differences.  Möhn et al. (2000) found that 

while there was a discrepancy between serial slaughter and nitrogen balance estimates of 

protein deposition, the two values were highly correlated and did not appear to be 

influenced by dietary AA (lysine) level.  Therefore, it is likely that, while possibly 

overestimated, the protein deposition values reported in the current study are indicative of 

actual treatment differences.  However, if more nitrogen is lost in samples with higher 

nitrogen content, as is the case with the casein and urea infused pigs, then nitrogen 

retention in these treatments would be further overestimated and caution should be used 
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when interpreting the results.  Given that urinary urea is much less volatile than 

ammonia, a comparison of urea- and nitrogen balance can be used as an indication of the 

degree of nitrogen lost and overestimation of nitrogen retention.  The amount of lower 

gut nitrogen that can be accounted for with the increase in urinary urea and urinary 

nitrogen excretion is very similar, suggesting that very little nitrogen was lost.  In 

addition, the majority of urinary nitrogen is in the form of urea and the majority of the 

increase in urinary nitrogen reported in the current study can be attributed to the increase 

in urinary urea excretion.  This is similar to results reported by Marini and Van Amburgh 

(2003) and Ciszuk and Gebregziabhur (1994) who showed that the increase in urinary 

nitrogen excretion in dairy cows could be accounted for through the increase in urinary 

urea excretion, and that urinary non-urea nitrogen remained fairly constant.  Therefore, it 

is likely that treatment effects on nitrogen losses were minimal.  Regardless, the 

improvement in nitrogen retention and nitrogen and valine utilization efficiency reported 

in the current study should be confirmed via serial slaughter and growth performance 

studies. 

Both casein and urea infused pigs showed the same degree of increase in urea 

flux.  In addition, the increase in urea flux on both treatments completely accounted for 

the absorbed nitrogen.  The complete conversion of absorbed nitrogen from the lower gut 

into urea observed in the current study is in agreement with previous findings in isolated 

sheep hepatocytes (Luo et al., 1995).  Combined with urea balance, these results lend 

confidence to the conclusion that lower gut nitrogen is absorbed as ammonia, regardless 

of the source of nitrogen, and that this nitrogen can be utilized for protein synthesis.  Due 

to a high degree of variability and small number of pigs per treatment, significant 
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differences in urea recycling were only determined in urea fed pigs when urinary 

enrichment and excretion values were used.  It has been widely debated whether urea 

recycling is an active process that can be regulated by the host in response to dietary 

insufficiencies (Tanaka et al., 1980; Thacker et al., 1982; Hibbert et al., 1995; Sarraseca 

et al., 1998; Lobley et al., 2000; Jackson et al., 2004; Wickersham et al., 2008b; 

Wickersham et al., 2009) or is a passive process and is simply a product of blood urea 

concentration (Thacker et al., 1984; Lobley et al., 2000; Lobley, 2003).  The results 

presented herein lend support to both theories and therefore further work is required to 

determine whether urea recycling increases in response to a nutritional need.   

 

 

 

6.6 Conclusions and Implications 

 

In summary, caecally-infused nitrogen appears to be absorbed from the lower gut 

in the form of NPN which improves nitrogen balance in pigs fed a valine-limiting diet.  

Nitrogen absorbed from the lower gut is likely salvaged through the urea recycling to the 

gut and microbial AA synthesis in the upper gut.  Lower gut nitrogen metabolism should 

be considered when determining nitrogen and AA supply.  Further studies on the 

metabolism of lower gut nitrogen and dietary supplementation with NPN are warranted. 
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Table 6.1  Ingredient composition and calculated nutrient content (adjusted to 90% DM 

basis) of a valine-limiting diet for determination of impact of lower gut nitrogen 

absorption on nitrogen balance and urea kinetics in growing pigs 
Ingredient Inclusion (kg) 

     Cornstarch 51.7 

     Soybean meal, dehulled 22.5 

     Sucrose 10.00 

     Cellulose 4.00 

     Pectin 2.00 

     Animal/vegetable fat blend 3.00 

     L-Histidine 0.016 

     L-Isoleucine 0.050 

     L-Leucine 0.166 

     L-Lysine•HCl 0.352 

     DL-Methionine 0.131 

     L-Phenylalanine 0.041 

     L-Threonine 0.199 

     L-Tryptophan 0.031 

     L-Alanine
1
 0.198 

     L-Asparagine
1
 0.158 

     L-Aspartic acid
1
 0.297 

     L-Cysteine•HCl•H2O 0.097 

     L-Glutamic acid
1
 0.436 

     L-Glutamine
1
 0.218 

     L-Glycine
1
 0.337 

     L-Proline
1
 0.198 

     L-Serine
1
 0.139 

     Limestone 0.77 

     Salt 0.50 

     Monocalcium phosphate 1.80 

     Vitamin/mineral premix
2
 0.60 

     Titanium dioxide 0.10 

Calculated nutrient content
3
  

     DE (MJ/kg)
4 

15.53 

     Crude protein (%) 13.67 

     Total lysine (%) 0.97 

     SID
5 
arginine (%) 0.75 

     SID histidine (%) 0.28 

     SID
 
isoleucine (%) 0.49 

     SID leucine (%) 0.90 

     Total lysine (%) 0.97 

     SID lysine (%) 0.90 

     SID methionine (%) 0.27 

     SID methionine + cysteine (%) 0.51 

     SID phenylalanine (%) 0.53 

     SID phenylalanine + tyrosine (%) 0.90 

     SID valine (%) 0.46 

     SID threonine (%) 0.56 

     Calcium (%) 0.66 

     Phosphorus (%) 0.56 
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1
 The dispensable AA profile was based on Lenis et al. (1999) 

2
 Supplied 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) 
3
 Nutrient contents of diet estimated based on nutrient contents of feed ingredients 

according to NRC (1998) and CVB (2003) 
4
 Digestible energy content of synthetic AA based on GE according to Boisen and 

Verstegen (2000) assuming 100% digestibility 
5
 Standardized ileal digestible 
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Table 6.2  Analyzed nutrient content (adjusted to 90% DM basis) of a valine-limiting 

diet for determination of impact of lower gut nitrogen absorption on nitrogen balance and 

urea kinetics in growing pigs 

Item  

Chemical analysis  

     DM (%) 91.7 

     GE (MJ/kg)
 

14.5 

     Crude protein (%) 14.9 

     Crude fat (%) 3.14 

     Calcium (%) 0.71 

     Phosphorus (%) 0.54 

Amino acids (%)  

     Arginine 0.86 

     Histidine 0.33 

     Isoleucine 0.58 

     Leucine 1.11 

     Lysine 1.01 

     Methionine 0.29 

     Threonine 0.65 

     Tryptophan 0.18 

     Phenylalanine 0.64 

     Valine 0.57 

     Alanine 0.74 

     Aspartic acid 1.76 

     Cysteine 0.23 

     Glutamic acid 2.79 

     Glycine 0.83 

     Proline 0.83 

     Serine 0.74 
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Table 6.3  Feed intake, nitrogen infused, nitrogen balance, and nitrogen and valine 

utilization efficiency in pigs fed a valine-limiting diet and infused with saline, casein, or 

urea into the caecum
1 

*Footnotes on next page 

 

 

 

 

 

 

 

 

 Treatment  

 Saline (n=9) Casein (n=10) Urea (n=10) P-value
2 

Mid-period body weight (kg) 37.1 ± 0.8 37.3 ± 0.8 37.4 ± 0.8 0.633 

Dry matter intake (g/d) 1,180 ± 21 1,177 ± 19 1,155 ± 19 0.538 

Dietary nitrogen intake (g/d) 30.8 ± 0.7 30.6 ± 0.7 30.8 ± 0.7 0.459 

Nitrogen infused (g/d) 0.00
a 

11.5 ± 0.3
b 

11.1 ± 0.3
b 

<0.001 

Nitrogen infused (% of N intake) 0.00
a 

38.5 ± 1.3
b 

36.6 ± 1.3
b 

<0.001 

Apparent faecal digestibility (%)     

    Dry matter 90.6 ± 0.8 88.6 ± 0.6 90.0 ± 0.7 0.124 

    Organic matter 92.0 ± 0.7 90.2 ± 0.7 91.4 ± 0.6 0.124 

    Nitrogen 86.2 ± 1.1
a
 79.8 ± 1.0

b
 83.4 ± 1.0

c
 <0.001 

Faecal excretion (g/d)     

    Dry matter 104 ± 7.7
a
 128 ± 6.9

b
 112 ± 6.9

ab
 0.053 

    Organic matter 90.9 ± 7.3
a
 114 ± 6.5

b
 101 ± 6.5

ab
 0.056 

    Nitrogen 4.11 ± 0.29
a
 6.07 ± 0.26

b
 5.04 ± 0.26

c
 <0.001 

Lower gut absorption (g/d)
3 

    

    Dry matter 91.6 ± 8.5
a
 138.1 ± 7.6

b
 102.9 ± 7.6

a 
< 0.01 

    Organic matter 90.8 ± 8.1
a 

133.9 ± 7.2
b 

100.8 ± 7.2
a 

< 0.01 

    Nitrogen 0.95 ± 0.48
a 

10.56 ± 0.43
b 

11.54 ± 0.43
b 

<0.001 

    % of N supply
4 

-4.00 ± 5.47
a 

63.02 ± 4.91
b 

68.71 ± 4.90
b 

<0.001 

    % of N infused
5 

- 91.3 ± 2.9
a
 103.3 ± 2.9

b
 0.026 

Urinary excretion (g N/d)     

    Urea (g N/d) 4.65 ± 0.75
a 

10.11 ± 0.69
b 

10.97 ± 0.70
b 

<0.001 

    Nitrogen (g N/d) 7.37 ± 0.57
a 

14.19 ± 0.52
b 

15.29 ± 0.53
b 

<0.001 

    Urea-nitrogen (% lower gut N 

         absorption)
6
 

- 54.3 ± 6.1 61.7 ± 6.2 0.359 

    Nitrogen (% lower gut N  

         absorption)
6 

- 68.3 ± 5.0 73.3 ± 5.1 0.448 

Body protein deposition (g/d)
7
 114 ± 3.4

a
 128 ± 3.1

b
 130 ± 3.1

b
 <0.01 

Knitrogen (% of SID
8
 intake)

9
 74.2 ± 2.0

a 
84.3 ± 1.8

b 
85.0 ± 1.8

b 
<0.001 

Knitrogen (% total N supply)
10 

73.5 ± 1.5
a 

58.3 ± 1.3
b 

57.1 ± 1.3
b 

<0.001 

Knitrogen (% of lower gut 

         absorption)
11 

- 18.7 ± 5.5 16.5 ± 5.5 0.744 

Kvaline (% of SID intake)
12 

95.1 ± 2.5
a 

108.9 ± 2.3
b 

106.0 ± 2.3
b 

<0.01 
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1 
Values are least square means ± standard error 

2
 Main effect of treatment 

3
 Calculated as: ileal flow + caecal infusion – faecal flow.  Ileal flow based on ileal 

digestibility values determined previously (Chapter 5). 
4
 Calculated as: lower gut nitrogen absorption/(ileal nitrogen flow + nitrogen infused) 

5
 Calculated as: (lower gut nitrogen absorption on Casein or Urea treatment – lower gut 

nitrogen absorption on Saline treatment)/nitrogen infused 
6
 Calculated as: increase in urinary urea-nitrogen or nitrogen excretion above Saline / 

increase in lower gut nitrogen absorption above Saline 
7
 Calculated as: (nitrogen intake + nitrogen infusion – faecal nitrogen excretion – urine 

nitrogen excretion) × 6.25 
8
 Standardized ileal digestible 

9 
Calculated as: (nitrogen retained in body protein) / (standardized ileal digestible 

nitrogen intake – maintenance nitrogen requirement).  Standardized ileal digestible 

nitrogen intake and maintenance nitrogen requirement calculated according to NRC 

(2012). 
10

 Calculated as: (nitrogen retained in body protein) / (standardized ileal digestible 

nitrogen intake + standardized lower gut nitrogen absorption – maintenance nitrogen 

requirements).  Standardized ileal digestible nitrogen intake and maintenance nitrogen 

requirement calculated according to NRC (2012). 
11

 Calculated as: increase in nitrogen retention above Saline / increase in lower gut 

nitrogen absorption above Saline. 
12

 Calculated as: (protein deposition × valine % of body protein) / (standardized ileal 

digestible valine intake – maintenance valine requirements/efficiency of SID valine 

utilization for maintenance).  Standardized ileal digestible valine intake and maintenance 

valine requirement calculated according to NRC (2012).  Body protein was assumed to 

contain 4.70% valine (NRC, 2012). 
a,b,c

 Values within a row without a common superscript differ significantly (P < 0.05). 
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Table 6.4  Urea enrichment and urea kinetics, based on either urine or plasma 

enrichment, in pigs fed a valine-limiting diet and infused with saline, casein, or urea into 

the caecum
1 

 Treatment  

 Saline (n=3) Casein (n=3) Urea (n=2) P-

value
2 

Nitrogen intake (mmol N/kg BW/d) 59.2 ± 0.5 58.6 ± 0.5 57.1 ± 0.6 0.090 

Nitrogen infused (mmol N/kg BW/d) 0.0
a
 24.4± 0.8

b
 22.2 ± 0.9

b
 <0.001 

Lower gut nitrogen absorption  

         (mmol N/kg BW/d) 

-2.14 ± 0.90
a
 20.22 ± 0.90

b
 19.78 ± 1.10

b
 < 0.001 

Urinary urea excretion  

         (mmol N/kg BW/d) 

8.35 ± 2.67
a
 23.47 ± 2.67

b
 23.37 ± 3.27

b
 0.018 

Plasma urea nitrogen (mM) 2.42 ± 0.36
a
 5.66 ± 0.36

b
 7.14 ± 0.44

b
 <0.01 

Urine     

    
15

N
15

N urea (MPE
3
) 6.29 ± 1.33 1.99 ± 1.33 1.67 ± 1.63 0.114 

    Urea flux (mmol N/kg BW/d)
4 

12.1 ± 2.7
a 

34.0 ± 2.7
b 

39.5 ± 3.3
b 

0.002 

    Urea recycling (mmol N/kg BW/d)
5 

3.70 ± 2.04
a 

10.5 ± 2.04
ab 

16.1 ± 2.50
b 

0.030 

    Urea recycling (% of urea flux) 27.7 ± 6.8 30.6 ± 6.8 42.4 ± 8.4 0.438 

Plasma     

    
15

N
15

N urea (MPE) 5.58 ± 0.69
a 

1.88 ± 0.69
b 

1.90 ± 0.85
b 

0.023 

    Urea flux (mmol N/kg BW/d)
4 

12.2 ± 3.3
a 

37.0 ± 3.3
b 

34.6 ± 4.0
b 

0.006 

    Urea recycling (mmol N/kg BW/d)
5 

3.81 ± 3.95 13.52 ± 3.95 11.21 ± 4.83 0.288 

    Urea recycling (% of urea flux) 31.1 ± 10.7 34.9 ± 10.7 30.4 ± 13.2 0.956 

Lower gut absorption     

    % of urea flux increase (urine)
6 

- 101.3 ± 6.9 78.9 ± 8.4 0.131 

    % of urea flux increase (plasma)
6 

- 94.6 ± 12.2 96.7 ± 15.0 0.922 
1 

Values are least square means ± standard error 
2 

Main effect of treatment 
3
 Moles percent excess 

4
 Calculated as: tracer infusion rate × (MPE infusate/MPE sample – 1) 

5
 Calculated as: urea flux – urinary urea excretion 

6
 Calculated as: (lower gut nitrogen absorption on Casein or Urea treatment – lower gut 

nitrogen absorption on Saline treatment) / (urea flux on Casein or Urea treatment – urea 

flux on Saline treatment); values do not differ from 100 (P > 0.05) 
a,b

 Values within a row without a common superscript differ significantly (P < 0.05) 
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7.0 SUMMARY AND GENERAL DISCUSSION 

 

An improved understanding of nitrogen metabolism in the gastrointestinal tract of 

the pig is required in order to provide accurate estimates of nitrogen and amino acid (AA) 

bioavailability and formulate diets accordingly.  Two factors that may have significant 

impacts on the AA economy of the pig, and that have not been explored in detail, include 

fermentative AA catabolism (FAAC) in the upper gut (stomach and small intestine) and 

the contribution of the lower gut (caecum and large intestine) to nitrogen supply.  It has 

been shown previously that the upper gut microflora can have a significant impact on the 

AA supply to the host through de novo AA synthesis (Metges, 2000; Torrallardona et al., 

2003a) and fermentation of dietary and endogenous AA (Libao-Mercado, 2007).  

Nitrogen absorption from the lower gut is generally thought to be of little nutritional 

significance to the pig, however, it has been suggested that this nitrogen may be salvaged 

via urea recycling to the gut and microbial AA synthesis in the upper gut (Fuller and 

Reeds, 1998).   

The studies presented in this thesis were designed to address the hypothesis that 

the upper gut microflora contribute significantly to FAAC and that this fermentation can 

be modulated via changes in dietary fibre and protein content.  In addition, it was 

hypothesized that lower gut nitrogen absorption is in the form of ammonia, and that this 

nitrogen can be recycled into the upper gut and utilized by resident microflora for AA 

synthesis, improving nitrogen retention in pigs fed a diet limiting in an indispensable AA. 

In Chapter 4, a study to determine the extent of FAAC by upper gut microflora 

and the effect of dietary fibre and protein content on FAAC is reported.  A continuous 

infusion of 
15

N-ammonium chloride (intragastric) and 
13

C-urea (intravenous ) was used to 
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determine ileal ammonia flux, plasma urea flux, urea recycling (plasma urea flux – 

urinary urea excretion), and FAAC (ileal ammonia flux – urea recycling) in ileal-

cannulated growing pigs fed a control diet, a high fibre diet with 12% added pectin, or a 

low protein diet.  It was demonstrated that simple isotope dilution equations are 

inappropriate for determining FAAC in the upper gut due to rapid absorption of ammonia 

and lack of uniformity of isotopic tracer in the digesta ammonia pool.  A static two-pool 

model (blood urea and digesta ammonia) was then developed in order to estimate 

nitrogen flux in the upper gut.  With this model it was demonstrated that FAAC may 

result in significant loss of AA available for body protein synthesis.  It was also 

demonstrated that dietary fibre decreased ileal AA digestibility but had no impact on 

measures of urea kinetics or FAAC.  Low dietary protein, however, resulted in a 

reduction in urea flux and estimates of FAAC indicating that AA losses may be reduced 

through lowering dietary protein content.   

The isotopic enrichment of urea in blood plasma vs. urine was inconsistent in this 

study.  Since it can be assumed that the enrichment of any compound exiting a pool 

should be the same as in that pool, the enrichment of urea should have been the same in 

blood plasma and urine.  A number of possible explanations for this discrepancy were 

discussed in Chapter 4.  It is suggested that in future research the cause of this 

discrepancy should be elucidated, as no difference in plasma vs. urine urea enrichment 

was detected in a subsequent  study (Chapter 6).  It is possible that methodological 

differences between the two studies, for example the infusion of 
15

N-ammonia 

intragastrically vs. 
15

N
15

N-urea intravenously, and the use of 
13

C-urea vs. 
15

N
15

N-urea, 

may result in differences in estimated isotopic enrichment.   
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To our knowledge, this thesis provides a first attempt at determining the extent of 

FAAC in the upper gut of monogastric animals (pigs).  While it was determined that 

simple isotope dilution is not an appropriate method to determine FAAC, the two-pool 

model is a good starting point for future research.  Refinements in the model, such as 

directly quantifying endogenous AA catabolism, may allow for more accurate estimates 

of FAAC and microbial AA synthesis.  One major issue that needs to be addressed is the 

site of sampling.  It is clear from the infusion of labelled ammonia that ammonia is 

quickly absorbed from the small intestine and that much of the ammonia present in the 

digesta is of endogenous origin (i.e. recycled urea).  The latter allows for ammonia 

absorbed from the lower gut to contribute to upper gut nitrogen metabolism, further 

distorting the results.  Furthermore, ileal digesta samples are not representative of digesta 

throughout the small intestine and the lack of homogeneity likely results in an 

underestimation of FAAC as well as microbial AA synthesis and absorption.  The current 

study shows that FAAC in the upper gut can be substantial and that further effort is 

warranted to quantify FAAC and other aspects of AA metabolism in the upper gut of 

pigs. 

It was estimated that reducing dietary protein intake would result in a reduction in 

FAAC in the upper gut which would improve estimates of AA bioavailability.  However, 

reducing dietary protein could also result in a reduction in pig performance which may 

negate the beneficial effects of the reduced AA catabolism.  Future research should 

continue to examine the effect of dietary supply of individual AA on FAAC and 

availability of AA for protein synthesis.  In addition, the current study would seem to 

indicate that easily fermentable dietary fibre has little effect on upper gut nitrogen 
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metabolism, however, different fibre types vary widely in their physicochemical 

properties and, therefore, it is possible that different fibre types may have more of an 

effect on upper gut microbial activity.  It is also possible that the high availability of 

protein as a substrate for upper gut microbes in this study reduced the impact of fibre on 

microbial activity.  The possible interaction between both dietary fibre and protein should 

also be explored further. 

A prerequisite for the measurement of lower gut nitrogen absorption (net nitrogen 

uptake) is to determine apparent ileal digestibility under the specific experimental 

conditions.  Moreover, an implicit assumption in the use of ileal digestibility to estimate 

AA bioavailability is that lower gut nitrogen absorption has no impact on upper gut 

nitrogen metabolism.  However, the recycling of urea into the upper gut may have 

possible consequences for ileal digestibility.  In Chapter 5, a study to determine the 

impact of lower gut nitrogen supply on estimates of apparent ileal digestibility is 

reported.  Using ileally and caecally cannulated pigs receiving a continuous intracaecal 

infusion of saline, casein, or urea, it was demonstrated that nitrogen supply into the lower 

gut had no impact on apparent ileal digestibility of dry matter, nitrogen, or any AA.  The 

results of this study further validate the methodology available for determination of ileal 

digestibility and the use of ileal digestibility to estimate bioavailability of AA and 

nitrogen.   

The results of this digestibility study allowed for further investigations into the 

form in which lower gut nitrogen is absorbed and the impact of this nitrogen supply on 

whole-body nitrogen balance and urea kinetics in growing pigs fed a valine-limiting diet, 

the results of which are reported in Chapter 6.  A nitrogen balance and urea kinetics study 
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was performed in which pigs were fed a valine-limiting diet and infused intracaecally 

with saline, casein, or urea to provide nitrogen equivalent to 40% of intake in the lower 

gut.  A continuous intravenous infusion of 
15

N
15

N-urea was used to determine urea 

kinetics.  It was demonstrated that nitrogen is most likely absorbed from the lower gut in 

the form of ammonia, regardless of the source of nitrogen infused, based on the increase 

in urea flux with nitrogen infusion and similar response in all measures for both the 

casein and the urea infused pigs.  The increase in urea flux observed with nitrogen 

infusion completely accounted for the amount of nitrogen absorbed.  Based on whole-

body nitrogen retention and utilization efficiency of nitrogen and valine for body protein 

deposition, it was concluded that lower gut nitrogen supply can be utilized through urea 

recycling, microbial AA synthesis, and subsequent absorption of AA.  Due in part to the 

documented discrepancy of nitrogen retention estimates between nitrogen balance and 

serial slaughter studies (Möhn et al., 2000; de Lange et al., 2001), the results of the 

current study clearly should be validated through serial slaughter or growth performance 

studies.   

This study has clear implications with respect to diet formulation for pigs.  It has 

generally been thought that lower gut nitrogen absorption has little nutritional 

significance in pigs and so ileal digestibility measures are used to estimate bioavailability 

of AA and nitrogen in swine diets and have been used widely in diet formulation.  

However, with the increased use of synthetic AA, dietary nitrogen content has become an 

important factor to consider.  Nitrogen may become limiting in such diets, influencing the 

utilization efficiency of dietary nitrogen for body protein deposition due to the use of 

indispensable AA to meet the needs for dispensable AA synthesis (Heger, 2003).  Dietary 
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supplementation with non-protein-nitrogen (NPN) may have a sparing effect on 

indispensable AA use for endogenous dispensable AA synthesis.  In addition, absorption 

of nitrogen from the lower gut may be increasingly important with the use of co-products 

from the food and biofuel industries which can have lower ileal digestibility of AA and 

nitrogen and, therefore, more undigested protein passing into the lower gut.  The current 

study indicates that while ileal digestibility is relevant for the estimation of AA 

bioavailability, faecal digestibility may be important for estimating nitrogen availability.   

  The hypothesis tested in this study required the assumption that for nitrogen 

absorbed from the lower gut to contribute to the pig’s AA supply it must first be utilized 

for de novo AA synthesis by microbes in the upper gut.  While this salvage mechanism is 

required for the pig to benefit from NPN supply during times of indispensable AA 

deficiency, it is not necessarily required in situations where dispensable AA are deficient.  

The ability of NPN to meet the needs for indispensable AA may be limited and 

dependent on the microbial synthesis and absorption of the particular AA (Metges et al., 

1999a; Torrallardona et al., 2003a; Libao-Mercado, 2007).  Non-protein nitrogen may 

have a larger impact on nitrogen retention in pigs fed a diet limiting in nitrogen and 

where indispensable AA are supplied in sufficient amounts.  Stein et al. (1986) 

demonstrated that ammonia was retained to a similar extent as other dispensable AA.  In 

addition, Patterson et al. (1995) demonstrated a high degree of incorporation of ammonia 

into dispensable AA.  These studies indicate a high degree of utilization of NPN.  The 

impact of lower gut nitrogen absorption and dietary NPN supplementation on nitrogen 

retention in pigs fed a nitrogen-limiting diet should be determined.   
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It has been suggested previously that an increase in the ammonia load of an 

animal may result in an increase in endogenous AA catabolism in order to meet the 

demands of detoxification via urea flux (Reynolds, 1992).  However, it has also been 

suggested that this may only apply in situations that result in acidosis, such as when 

supplementing with ammonium chloride (Lobley et al., 1996).  Using isolated ovine 

hepatocytes and isotopic tracers, Mutsvangwa et al. (1999) and Luo et al. (1995) 

concluded that while AA nitrogen is incorporated into urea when AA are present, this 

contribution is not required for urea synthesis and that both nitrogen atoms in urea can be 

derived from ammonia.  Furthermore, AA nitrogen was only incorporated into urea when 

hepatocytes were incubated with dispensable AA, with very little incorporation during 

indispensable AA incubations (Mutsvangwa et al., 1999).  Determination of AA uptake 

by hepatocytes during ammonia load confirms that dispensable AA, specifically 

glutamine, glycine, alanine, and arginine, are used by hepatocytes for urea synthesis (Luo 

et al., 1995).  The incorporation of 
15

N into aspartate, glutamate, and alanine (Cooper et 

al., 1987; Luo et al., 1995), which are precursors for urea synthesis, also suggests 

channeling of ammonia into these AA for the purpose of ammonia detoxification.  It is 

likely that requirements for ammonia detoxification will have a greater impact on 

dispensable AA than indispensable AA, except for arginine which is used as a direct 

precursor for urea.  The results of these studies may not represent what occurs in vivo and 

specifically in the pig.  To our knowledge, similar studies on the contribution of ammonia 

and AA to urea flux in pigs has not been determined.  Further research is required to 

determine the consequences of NPN for endogenous AA catabolism. 
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 Overall, the results of the studies presented in this thesis demonstrate that enteric 

nitrogen metabolism can have a significant impact on measures of AA bioavailability and 

AA metabolism in the pig.  Diet composition, specifically protein and fibre content, may 

be used to manipulate upper gut microbial activity and the degree of FAAC in the upper 

gut.  Absorption of nitrogen from the lower gut is in the form of NPN and can be retained 

in body protein.  This is likely a result of recycling of nitrogen into the upper gut with 

subsequent microbial AA synthesis and absorption by the pig.  Future research should 

continue to examine the impact of diet on activity of microbes in the upper gut and the 

utilization of lower gut nitrogen and supplemental NPN in pigs, other non-ruminants, and 

humans.  
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