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ABSTRACT 

Utilization and metabolism of ammonium citrate in growing pigs  

fed diets deficient in non-essential amino acid-nitrogen 

 

Wilfredo D. Mansilla Advisors:  

University of Guelph, 2017 Dr. C. F. M. de Lange 

 Dr. J. P. Cant 

With reductions in crude protein (CP) levels and higher supplementation of crystalline 

essential amino acids (EAA) in swine diets, the supply of non-essential amino acids (NEAA), or 

nitrogen (N) required for the synthesis of NEAA, is also reduced increasing the ratio between 

EAA-N and total N in the diet. When diets are deficient in NEAA-N, non-protein N (NPN) could 

supply additional N required for the endogenous synthesis of NEAA. The main objective of the 

present thesis was to assess the efficiency of ammonia for providing extra N when diets are 

deficient in NEAA-N. Secondary objectives were to determine the effects of ammonia 

supplementation on the amino acid (AA) profile of retained protein as an indicator of AA 

requirements and quantification of ammonia absorption and metabolism in the portal-drained 

viscera (PDV) and liver. Added ammonia to a NEAA-N deficient diet increased body weight 

(BW) gain and N retention and rendered similar efficiencies as supplemented Glu and a mix of 

NEAA indicating that the capacity for NEAA synthesis was not limiting. Moreover, ammonia 

did not modify (P > 0.05) the AA profile of retained protein compared to the NEAA mix 

implying that feeding ammonia, and consequently increasing the endogenous synthesis of 



 

 

 

 

NEAA, does not alter utilization of EAA for protein deposition, maintaining estimated 

requirements for EAA in growing pigs. When added in the diets, ammonia was rapidly absorbed 

by the PDV with the peak of absorption within 15 min after feed intake. Recovery of ammonia in 

the portal vein only accounted for 53% of added ammonia without increasing urea net flux, 

implying ammonia utilization in the PDV. Across splanchnic organs, appearance of Ala, Glu and 

citrulline (Cit) increased with ammonia supplementation. The results demonstrate that dietary 

ammonia is an efficient N source when diets are deficient in NEAA-N, and that the capacity for 

de novo synthesis of NEAA is not limiting under these circumtances. The latter should be 

considered when estimating minimal inclusion levels of NEAA in the diet. 

  



 

 

 

 

RESUMEN 

Uso y metabolismo del citrato de ammonio en cerdos en crecimiento alimentados con una 

dieta deficiente de nitrógeno proveniente de amino ácidos no esenciales  

Wilfredo D. Mansilla Asesores:  

Universidad de Guelph, 2017 Dr. C. F. M. de Lange 

 Dr. J. P. Cant 

Con la reducción de los niveles de proteína y la mayor inclusión de amino ácidos 

esenciales (AAE) sintéticos en las dietas de cerdos, el contenido de amino ácidos no esenciales 

(AANE), o del nitrógeno (N) necesario para la síntesis de AANE, se reduce. Cuando las dietas 

son deficientes en N de AANE, el N no proteico podría proveer el N adicional requerido para la 

síntesis endógena de AANE. El objetivo principal de la presente tesis es el de evaluar la 

eficiencia de ammonia para proveer N adicional cuando las dietas son deficientes en N de 

AANE. Los objetivos secundarios son determinar el efecto de suplementar ammonia en la 

proporción de amino ácidos (AA) de la proteína retenida como indicador de los requerimientos 

de AAE y cuantificar la absorpción y el metabolismo de ammonia en los órganos drenados por la 

vena porta (ODVP) y el hígado. La amonia añadida en la dieta incrementó ganancia de peso 

diaria y la retención de N, y tuvo una eficiencia similar a la suplementacion de glutamato y la 

mezcla de AANE indicando que la capacidad para la síntesis endógena de AANE no limitó el 

cremimiento. La supplementación de amonia no modificó la proporcición de AAE en la proteína 

retenida comparado a mezcla de AANE suplementada indicando que añadir amonia en la dieta, y 

por consiguiente el incremento en la síntesis endógena de AANE, no altera la utilización de los 



 

 

 

 

AAE para la síntesis de proteína, manteniendo los requerimientos de AAE. La amonia añadida 

en la dieta fue rápidamente absorbida por los ODPV, con un pico de absorbción dentro de 15 min 

después de consumir el alimento. La aparicion de ammonia en la sangre de la vena porta 

representó solo 53% del total de amonia consumida sin aumentar la aparicion de úrea indicando 

que la amonia fue utilizada por aquellos órganos. Post-metabolismo de los ODPV y del hígado, 

la aparicion de Ala, Glu y Citrulina incrementó con la suplementación de amonia. Éstos 

resultados demuestran que la amonia es una fuente de N eficiente cuando las dietas son 

deficientes en N de AANE, y que la capacidad para la síntesis endógena de AANE no es 

limitante en las condiciones estudiadas. Lo último debe ser considerado cuando se recomienden 

niveles mínimos de AANE en la dieta. 
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CHAPTER 1  

INTRODUCTION AND LITERATURE REVIEW 

1.1. Introduction 

Amino acids (AA) have been classically differentiated as either essential (indispensable) or 

non-essential (dispensable) AA (EAA, NEAA; Rose, 1968; Reeds. 2000). This classification is a 

consequence of early studies in which rats were fed purified diets containing all AA except the 

tested one. Amino acids that needed to be included in the diet in order to maintain or increase 

nitrogen (N) balance were labelled as EAA because the carbon skeleton needed for 

transamination, and synthesis of the AA, cannot be produced endogenously. 

Over the past several decades, research has focused on determining the level of EAA in the 

diet that maximizes growth while minimizing wasteful oversupply. Inclusion of crystalline EAA 

in the diet has played a crucial role in reducing inclusion of protein sources that have an AA 

profile different from that of the ideal protein. Therefore, utilization of crystalline AA in diet 

formulation helps to better match EAA requirements, while reducing protein content in the diet 

and N excretion to the environment. However, reduction of protein content in the diet also 

reduces the dietary supply of NEAA and can compromise growth when N for the endogenous 

synthesis of NEAA is limiting.  

Nitrogen required for the endogenous synthesis of NEAA can come from excess supply of 

AA above the ideal protein or from non-protein N (NPN). Therefore, low levels of crude protein 

(CP) may increase the catabolism of EAA to meet the requirement of N for NEAA synthesis in 

very low protein diets. Including NPN sources in the diet can supply extra N for the endogenous 



 

 

   2 

 

synthesis of NEAA, thereby decreasing catabolism of EAA in low CP diets and improving the 

balance between N from EAA and total N in the diet.  

Usage of NPN (i.e. urea, ammonium salts) in non-ruminant animals has been proposed in 

the past as means of reducing protein content or dependence on expensive protein ingredients 

(Grimson and Bowland, 1971; Kornegay, 1972; Chiba et al., 1995). These studies reported 

detrimental or no significant results, and the usage of NPN in non-ruminant animal diets was not 

continued. The poor performance can be attributed to the replacement of intact protein with 

NPN, unavailability of more crystalline AA, or usage of NPN sources that are not bioavailable 

for the animal. It is necessary to re-assess the utilization of NPN under a more updated 

knowledge of AA nutrition. 

It has been suggested that the endogenous synthesis rate of some NEAA may not be 

sufficient during certain metabolic phases (e.g. newborn, immune challenges, pregnancy; Ball et 

al., 1986; Wu et al., 2004; Mateo et al., 2007). These NEAA are called conditionally EAA, and 

they should be included in the diet to maintain growth. Recently, some authors have even gone 

further and suggested that all NEAA should be included in the ideal protein concept to maximize 

animal growth (Wu et al., 2013; Wu, 2014; Hou et al., 2015). As a result, these authors have 

recommended dietary requirements for all NEAA based on NEAA content in the animal’s body 

and extrapolation of synthesis rates of NEAA from 5- to 10-kg piglets. These suggestions, 

however, do not accurately reflect the capacity of the animal for de novo production of NEAA, 

and more precise determination of NEAA requirements is warranted. 
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Our knowledge about AA nutrition, specifically about NEAA, needs to be expanded. 

Usage of NPN sources in monogastric nutrition has usually been considered of low value, but in 

low CP diets deficient in NEAA-N, NPN could supply the extra N needed for the synthesis of 

NEAA and decrease the reliance on expensive crystalline NEAA. The present literature review 

will explore concepts of N and NEAA metabolism required to fully comprehend the experiments 

presented. 

1.2. Amino acid requirements in growing pigs 

An AA is defined as an organic molecule containing both a carboxyl (COOH) and an 

amino (NH2) group. Among the variety of AA, only 20 AA are found as constituents of proteins. 

These α-AA (i.e. the amino and carboxyl group are attached to the α-carbon) have been 

nutritionally classified as essential or nonessential AA depending on the capacity of the body to 

synthesize them. According to NRC (2012) an EAA is defined as “one that cannot be 

synthesized by pigs from materials ordinarily available in cells at a rate matching the demands 

for productive functions…”. Some EAA can be synthesized when provided with the carbon 

skeleton via transamination reactions; however, these precursors are not “ordinarily” available in 

the diet and are still considered EAA. Moreover, during specific metabolic phases (i.e. newborns, 

pregnancy, immune system challenge) some NEAA are synthesized at a rate that does not meet 

the metabolic necessities and growth is compromised; these NEAA are defined as conditionally 

EAA and should be provided in the diet (Pro: Ball et al., 1986; Brunton et al., 2012; Gln and 

Glu: Lacey et al., 1990; Wu et al., 1996; Gly: Powell, et al., 2011; Wang et al 2014). Currently, 

NRC (2012) classifies His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val as EAA; Ala, Asn, Asp, 

Glu, Gly, and Ser as NEAA; and, Arg, Cys, Gln, Pro, and Tyr as conditionally EAA. 
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1.2.1. Requirements for essential amino acids 

The ideal protein concept was developed more than 50 years ago, and it refers to a 

theoretical dietary protein in which all AA are in such proportion that they all are equally 

limiting. This concept is still used for determining requirements for EAA. Thus, requirements for 

EAA are defined as the level of AA inclusion that maximizes growth without oversupply. As 

EAA need to be included in the diet, research has mainly focused on determining requirements 

for EAA with Lys, Thr, Met, and Trp being the AA with most abundant information (NRC, 

2012). Empirical determination of requirements for EAA is relatively simple (NRC, 2012), and 

techniques for determining EAA requirements usually involve N balance or repeated 

measurements of body weight (BW) over a short period of time in response to level of dietary 

supply of the test AA. 

1.2.2. Requirements for non-essential amino acids 

Compared to EAA, determining requirements for NEAA is more complicated as they can 

be synthesized endogenously which reduces the dietary effect and measurements of N balance 

and BW change are less sensitive in short-term experiments (Wu, 2014). Moreover, NRC (2012) 

states that pigs have sufficient capacity for synthesis of NEAA provided a N source. As a result, 

there have been no studies determining requirements for individual NEAA (NRC, 2012). 

Recently, Wu and colleagues have published a series of review papers focusing on dietary 

requirements for NEAA (Wu et al., 2013; Wu, 2014; Hou et al., 2015). They argue that, under 

the traditional classification, calling AA that can be synthesized endogenously non-essential is 

inappropriate as they are still necessary for protein synthesis and many other metabolic functions 
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(e.g. regulation of gene expression, cell signalling, energy and nutrient metabolism, immune 

function, endocrine status). Consequently, they suggest that NEAA should be also included in 

the ideal protein concept and have recommended dietary requirements for all NEAA and for all 

stages of swine production. These suggestions are based mainly on the whole body composition 

and extrapolation of synthesis rates for NEAA determined in very young pigs (5- to 10-kg 

piglets; Wu, 2014).  

Non-essential AA are indeed important for different metabolic functions. However, a 

requirement does not represent how important the specific nutrient is, but the minimum dietary 

level necessary to maintain maximal growth (or other chosen variable). Recommending dietary 

levels of NEAA based solely on whole body composition and inaccurate extrapolations ignores 

the ability for NEAA to be synthesized endogenously given adequate and available N supply. 

Therefore, accurate determination of requirements for NEAA implies an interaction between 

minimum levels of bioavailable N and the minimum dietary levels of preformed NEAA in the 

diets (i.e. N and NEAA requirements). 

Arginine is probably the best known NEAA that compromises growth performance when 

not supplied in sufficient amounts in the diet (Southern and Baker, 1983; Kim and Wu, 2004; 

Hou et al. 2015; Bass et al., 2017). As such, NRC (2012) recommends minimum standardized 

ileal digestible (SID) Arg contents in the diet for all stages of production of swine. No studies are 

available reporting requirements for other NEAA that consider growth rates or protein retention 

as end-points.  
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1.3. Estimation of amino acid bioavailability 

To precisely meet AA requirements, it is necessary to know what portion of dietary AA is 

bioavailable for the animal. Bioavailability of AA is defined as the portion of the AA in feed that 

is digested and absorbed in a form suitable for maintenance or growth of tissue (Batterham, 

1992). Amino acid bioavailable for the animal can come from 3 main sources: (i) dietary supply, 

(ii) production by the microbiome in a location where absorption is suitable and (iii) endogenous 

production in the body (NEAA). Therefore, absorption of AA does not necessarily mean 

bioavailability since it is possible to be absorbed in a form not suitable for protein synthesis 

(Levesque et al., 2010). 

There is no direct measurement for AA bioavailability, but estimates of it have been made 

using slope-ratio assays (Levesque et al., 2010). In these studies, the animal is fed linear 

increments of one specific limiting AA and improvement in growth performance (i.e. slope of 

the curve) is compared to another ingredient for which AA bioavailability is considered to be 

100% (i.e. crystalline AA). Slope-ratio assays can only evaluate one AA from one ingredient at a 

time, which is time-consuming and expensive. Measurements of AA digestibility, therefore, have 

been used as a more practical estimation of AA bioavailability (NRC, 2012). 

1.3.1. Amino acid digestibility 

The first measurements of AA digestibility were total tract digestibilities which are 

confounded by microbial metabolism in the large intestine (Sauer and Ozimek, 1986). Amino 

acids in the large intestine are not significantly absorbed, and their disappearance in this 

compartment is related to microbial fermentation and ammonia absorption, or utilization for 
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microbial protein synthesis (Zebrowska, 1973; Sauer and Ozimek, 1986; Darragh et al., 1994; 

Columbus et al., 2014). The capacity for N absorption in the large intestine is vast (Zebrowska, 

1973), and total tract digestibility is not reliable for determining protein digestion and AA 

absorption (NRC, 2012). 

Collection of digesta at the terminal ileum eliminates the confounding effect of microbial 

fermentation in the large intestine (Sauer and Ozimek, 1986). In the small intestine, proteins are 

subjected to enzymatic digestion, and the AA produced are absorbed by the intestinal mucosa. 

Amino acid disappearance in the small intestine mainly reflects their absorption (Mosenthin et 

al., 2000). However, endogenous secretions of AA into the lumen of the gastrointestinal tract not 

reabsorbed by the end of the ileum underestimates ileal digestibility (Stein et al., 2007). The 

main sources of non-dietary AA in the intestinal lumen are saliva, pancreatic and bile juices, 

desquamated epithelial cells (Fuller and Reeds, 1998), and mucosal protein secreted by cells 

lining the small intestine (van der Schoor et al., 2002). Amino acids in ileal digesta from 

endogenous sources need to be considered to better represent digestibility of dietary AA.  

Endogenous secretions in the small intestine can be divided into basal and ingredient-

specific endogenous secretions. Basal endogenous losses are not related to the feed ingredient 

composition but to the amount of dry matter (DM) intake (Nyachoti et al., 1997). The different 

methods for estimating basal endogenous losses include feeding a N-free diet, a highly digestible 

protein diet, and regression methods (Nyachoti et al., 1997; Adeola et al., 2016). Specific 

endogenous losses are related to the ingredients in the diet and additional costs associated with 

their digestion (e.g. fibrous ingredients increase mucin secretion and fermentative catabolism of 

AA (de Lange et al., 1989; Mosenthin et al., 1994; Libao-Mercado et al., 2007). Specific 
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endogenous losses are more difficult to measure; estimations have been based on the difference 

between total and basal endogenous losses using isotope dilution or homoarginine techniques 

(Moughan et al., 1992; Nyachoti et al., 1997; Nyachoti et al., 2002).  

True ileal digestibility is calculated when both basal and specific endogenous losses are 

deducted from apparent ileal digestibility. However, true ileal digestibility is not useful for 

practical diet formulation as measurements of specific endogenous losses are difficult and not 

readily available in the literature (NRC, 2012). Moreover, when formulating diets using true ileal 

digestibility, AA requirements should also reflect the specific endogenous losses for the diet used 

(Stein et al., 2007). The latter further complicates utilization of true ileal digestibility for diet 

formulation. Standardized ileal digestibility only subtracts estimated basal endogenous losses 

from the terminal ileal outflow. Values of standardized ileal digestibility are additive between 

ingredients and relatively easy to measure; thus, standardized ileal digestibility has become the 

best practical representation of AA bioavailability for pigs (Stein et al., 2007; NRC, 2012).  

1.4. Essential amino acid nitrogen to total nitrogen ratio 

Over the past several decades, improved determinations of requirements of growing pigs 

for EAA (NRC, 2012), increasing prices of high quality protein sources, and environmental 

concerns for N excretion in livestock practices has led to higher inclusion of crystalline AA in 

reduced-protein commercial diets. Lowering the protein content of the diet also decreases the 

dietary supply of NEAA and N available for the endogenous synthesis of NEAA and may 

stimulate catabolism of EAA, thereby reducing the efficiency of utilization of EAA for growth 

(Mansilla et al., 2015). Therefore, it is necessary to define an optimum ratio between dietary 
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EAA and NEAA, or more generally, an optimum ratio between SID EAA-N and total digestible 

N (E:TN; Heger, 2003; Mansilla et al., 2015). 

Adequate supplies of SID EAA are reasonably well defined in pigs (NRC, 2012), but very 

little information exists about inclusion of NEAA. Moreover, different authors have classified 

EAA differently leading to differences in the calculation of E:TN. In pigs, Arg was considered 

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

Gotterbarm et al. (1998) considered it non-essential. Cysteine and Tyr, although classified as 

NEAA, are synthesized only from Met and Phe, respectively, and arguably should be included as 

EAA when calculating E:TN. In addition, any excess of EAA-N supply relative to that in the 

ideal protein should not be considered as EAA-N since it will be catabolized and used for the 

endogenous synthesis of NEAA (Heger, 2003). 

1.4.1. Optimum essential amino acid nitrogen to total nitrogen ratio 

The optimum E:TN for protein deposition has been studied in different species. In rats, 

Stucki and Harper (1962) studied the effect of altering E:TN from 0.34 to 1.0 over a range of N 

contents in the diet from 1.2 to 2.4% and reported poor growth performance when supplying 

only EAA in the diet. The poor performance was the result of reduced feed intake compared to 

isonitrogenous diets. In the lowest N diets, performance was also reduced at the other end of the 

E:TN scale, implying that the intake of EAA in low N diets was not enough to support maximal 

performance. No differences were found between E:TN of 0.50 to 0.81. Young and Zamora 

(1968) obtained similar results in an experiment with a wider range of E:TN values (0.14 to 0.93) 

at two different N contents. Adkins et al. (1966) reported that supplementation of NEAA to an 
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exclusive-EAA supply restored BW gain and feed efficiency in rats. Results from these studies 

demonstrate that either high or low E:TN values decrease protein retention in rats. 

Gotterbarm et al. (1998) studied the effect of altering E:TN ratio from 0.29 to 0.50 on 

whole body N retention in growing pigs, and they concluded that when pigs were fed iso-

nitrogenous diets, N retention was improved with increasing E:TN ratios up to 0.50. Nitrayová et 

al. (2010) reported a curvilinear response to E:TN in isonitrogenous diets, with maximal N 

retention around E:TN = 0.60. Lenis et al. (1999) studied three different E:TN (0.35, 0.45, and 

0.56) at three different dietary N levels (1.88, 2.29, and 3.00%), and reported an increase in N 

retention when E:TN increased from 0.35 to 0.45 in the 2 lower N diets. To clarify this concept, 

Heger et al. (1998) measured N retention in two different experiments where either total N or 

EAA-N supply was held constant. They reported a curvilinear response between E:TN of 0.25 

and 0.86, with the maximum at 0.62, when total N was kept constant. When total EAA-N was 

constant, they reported a linear decrease in N retention with E:TN higher than 0.48 and no effect 

with E:TN below 0.48. The latter can be interpreted to indicate that at E:TN above 0.48, 

catabolism of EAA for the synthesis of NEAA limits EAA utilization for growth. Heger et al. 

(1998) also calculated the dietary N utilization efficiency (% of intake) and found that maximal 

responses were obtained with E:TN equal to 0.60 and 0.74 at constant N or EAA-N supply, 

respectively. Therefore, depending on the final goal, N retention or dietary N utilization 

efficiency could be maximized in pigs by modifying the dietary E:TN. It is necessary to consider 

that in the experiments by Heger et al. (1998) pigs were fed semisynthetic diets (casein and 

crystalline AA) and E:TN values should be carefully interpreted when extrapolating into more 

commercial practices. 
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1.5. Utilization of non-protein nitrogen in non-ruminant diets 

1.5.1. Incorporation of non-protein nitrogen into amino acids and body tissues 

Many researchers have studied the incorporation of NPN, especially urea, into AA and 

different body tissues in monogastrics. Liu et al. (1955) reported that only 3.9% of dietary 
15

N
 

15
N urea-N was incorporated into liver, kidney and plasma AA, but not into muscle tissue of 

pigs. Similar results have been reported in rats fed diets deficient in NEAA (Rose et al., 1949, 

Rose and Dekker, 1956). The low bioavailability of urea for non-ruminants can be explained by 

the lack of urease activity in mammal tissues. Urease activity in the gut is of bacterial origin; 

Dintzis and Hastings (1953) and Wrong (1967), after giving a mixture of oral antibiotics in rats 

and humans, respectively, found that urease activity in the gastrointestinal tract was abolished 

increasing urea concentration in gut contents. Moreover, when urea was infused into the cecum 

of pigs it was mainly absorbed in the form of ammonia, increasing N retention in growing pigs 

(Columbus et al., 2015; Mansilla et al., 2015). However, when urea is fed orally, it is mainly 

absorbed as urea and excreted in urine (Jackson et al. 1993). Therefore, to be bioavailable, urea 

has to be hydrolyzed into ammonia by the microflora in the gut before utilization (Evans et al., 

1966; Columbus et al., 2014). 

Ammonia-N incorporation into animals’ tissue has also been studied. Deguchi et al. 

(1978a) showed higher enrichment in liver, kidney and muscle of pigs fed diets supplemented 

with 
15

N-ammonia compared to 
15

N-urea. In another study, Deguchi et al. (1978b) found that 
15

N 

enrichment was below limits of detection when 
15

N-
15

N urea was given to germ-free piglets, but 

not when feeding 
15

N ammonia to germ-free animals. Although these studies suggest that 
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ammonia-N is more bioavailable than urea-N in post absorptive metabolism, incorporation of 

15
N into body tissues does not mean these NPN sources can be used as feed ingredients. 

1.5.2. Non-protein nitrogen as a nitrogen supplement 

Urea replacement of intact protein in the diet reduces animal performance (Hanson and 

Ferrin, 1955; Grimson and Bowland, 1971; Kornegay, 1972). However, BW gain can be restored 

when urea-containing diets are supplemented with crystalline Lys and Met (Grimson and 

Bowland, 1971; Chiba et al., 1995). Thus, in these experiments, the low responses obtained with 

urea supplementation are attributable to a lower EAA intake rather than N deficiency. 

Utilization of ammonium salts as NPN supplements has also been studied. Richards et al. 

(1967) reported that ammonia-N was incorporated into plasma albumin and at a higher level 

when N intake was low. Clawson and Armstrong (1981) used ammonium phosphate as a source 

of phosphorus for rats and reported higher performance when ammonium phosphate was used 

compared to defluorinated rock phosphate. These results, however, were confounded by 

increasing N level with ammonium supplementation. Wehrbein et al. (1970) reported that 

replacement of up to 10% of N intake with ammonium salts had no effect on BW gain, but 20% 

replacement reduced feed intake and growth rates. Growth performance was restored with 

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

2.6% in isonitrogenous and iso-Lys diets and observed no effect on growth performance of pigs. 

In these studies, the lack of effect of adding ammonium salts or the reduction in growth 

performance can be associated with intake of EAA. 
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There have been few studies on the effect of supplementing NPN in diets deficient in 

NEAA-N. To formulate such diets, crystalline EAA can be used to maintain the supply of EAA 

while reducing the protein level. Therefore, studies investigating the usage of NPN as a N source 

for the synthesis of NEAA are expensive and difficult to test in long-term performance trials. In 

rats fed 
15

N-urea, it was found that enrichment in carcass protein was more than 13 times higher 

on a NEAA-free diet compared to a well-balanced AA diet (Rose and Dekker, 1956). In 

agreement with these results, a review paper in ruminants (Harmeyer and Martens, 1980) 

suggested that urea recycling in the gut, as percentage of total urea flux, increases when feeding 

low CP diets and therefore urea recycling is dependent on the demand for N in the animal. Lardy 

and Feldott (1950) and Rose et al. (1949) concluded that Glu, ammonium citrate, ammonium 

acetate, and Gly are the most efficient N sources when diets are deficient in NEAA-N; urea 

supplementation rendered low efficiencies. Similar results were reported for chickens by Allen 

and Baker (1974) and for humans by Giordano (1963).  

1.6. Ammonia metabolism in the gastrointestinal tract 

1.6.1. Ammonia production in the gastrointestinal tract 

Ammonia production in the gut lumen mainly represents microbial fermentation and 

increases in production from the stomach to the large intestine reflect the contribution of 

microbial fermentation to ammonia production in the gut (Summerskill and Wolpert, 1970). In 

agreement, ammonia concentrations in the vein draining the colon are highest compared to other 

veins draining the gut (Folin and Denis, 1912). The main sources for ammonia production in the 

gastrointestinal tract are dietary, endogenous or microbial proteins, and recycled urea  
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(Libao-Mercado et al., 2009; Columbus et al., 2014; Columbus et al., 2015). The contribution of 

each substrate to the total amount of ammonia produced greatly depends on the diet composition. 

Increasing soluble fiber intake increases endogenous protein secretions (Rémésy and Demigné, 

1989; Libao-Mercado et al., 2007) and fermentable catabolism of AA in growing pigs 

(Columbus et al., 2015). In addition, the daily rate of urea recycling to the gut increases with the 

protein content in the diet, thereby increasing production of ammonia (Harmeyer and Martens, 

1980). 

1.6.2. Ammonia absorption in the gastrointestinal tract 

Ammonia produced in the gastrointestinal tract is rapidly absorbed so that very little 

ammonia (less than 2% of total production in the gut) is excreted in feces (Summerskill and 

Wolpert, 1970). Ammonia in solution is present in two forms: neutral (NH3) or ammonium ion 

(NH4
+
; Vaddella et al., 2011) whose relative concentrations depend on digesta pH according to 

the Henderson-Hasselbalch equation. In the gastrointestinal tract, these two forms of ammonia 

are absorbed by different mechanisms in the gut epithelium (Abdoun et al., 2006). Thus, total 

ammonia (NH3 + NH4
+
) absorption depends on the concentration of each form, the permeability 

of each form to the apical membrane of enterocytes, and the gradient of concentrations across the 

luminal membrane (Abdoun et al., 2006).  

Using the rumen as a model, studies have suggested that NH3, which is hydrophobic, 

diffuses freely across the mucosa without energy expenditure (Hogan, 1961; Bodeker et al., 

1992). The relative importance of absorbing non-ionic NH3, however, depends on the digesta pH 

(Castell and Moore, 1971). It was estimated that at a pH of 7, NH3 absorption represents about 
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60% of total NH3 + NH4
+
 absorption, but at a slightly lower pH (pH = 6.4), NH3 absorption is 

30% of total NH3 + NH4
+ 

absorption (Abdoun et al., 2006). The NH4
+
 ion is not lipid soluble, 

and its absorption across the luminal membrane requires channel-assisted transport. It has been 

suggested that NH4
+
 replaces K

+
 in K

+
 channels (Bodeker and Jemkowski, 1996) or in Na

+
-K

+
-

Cl
-
 cotransporters (Abdoun et al., 2006). Despite the low permeability towards NH4

+
, its 

absorption may represent an important contribution to total NH3 + NH4
+
 absorption as a 

consequence of the acidic pH in the small intestine of non-ruminant animals (Mossberg and 

Ross, 1967). 

1.7. Ammonia metabolism in the liver 

After absorption in the gut, ammonia is drained by the portal vein to the liver before 

entering systemic circulation. Ammonia is considered toxic in plasma and it is used for synthesis 

of less toxic metabolites in the liver. 

1.7.1. Ammonia capturing pathways  

Ammonia-capturing enzymes are present in many different tissues, but the liver remains 

the most important organ to prevent increments in ammonia concentrations in systemic 

circulation (Damink et al., 2002; Ytrebo et al., 2006; Wright et al., 2010). Ammonia can be 

captured in the liver by 3 main enzymes: i) Glu dehydrogenase (GDH) that catalyzes the reaction 

of ammonia with α-ketoglutarate to form Glu, ii) Gln synthetase (Gln-S) that catalyzes the 

condensation of ammonia with Glu to form Gln, and iii) carbamoyl phosphate synthase-I (CPS-

I), the first enzyme of the urea cycle that catalyzes the reaction of ammonia with bicarbonate and 

ATP to yield carbamoyl phosphate and ADP (Meijer et al., 1990).  



 

 

   16 

 

1.7.1.1. Glutamate dehydrogenase 

Glutamate dehydrogenase catalyzes the reversible oxidative deamination of Glu to α-

ketoglutarate and ammonia (Strecker, 1955). In eukaryotic cells, GDH is found inside 

mitochondria, and the α-ketoglutarate produced is used to feed the Krebs cycle (Treberg et al., 

2010). The reversibility of the reaction is a matter of debate as the Km for NH4
+
 is high and 

prohibitive to the Glu synthesis reaction under physiological conditions (Smith and Stanley, 

2008; Treberg et al., 2010). Cooper et al. (1987) and Nissim et al. (2003) infused isotopically N-

labeled ammonia and found N-labeled Glu, showing that GDH can act towards Glu synthesis in 

the liver of rats. However, when 
13

N labeled Glu was perfused, 
13

N-ammonia was produced, 

confirming the reversibility of the reaction (Cooper et al., 1988; Nissim et al., 1999). As a 

consequence of operating near to thermodynamic equilibrium, regulation of the direction of 

GDH activity is considered to depend on the relative rates of utilization of ammonia and Asp (i.e. 

transaminated from Glu) in the urea cycle (Watford, 2003; Halestrap and Brosnan, 2008). 

Therefore, it should not be understood that GDH acts in a single direction, but is simultaneously 

bidirectional and minor changes in the supply or removal of reactants dictate the net flux 

(Treberg et al., 2010).  

Activity of GDH has been detected in several tissues but is highest in the liver (Spanaki 

and Plaitakis et al., 2012). Concentration and activity of GDH in the liver is not uniform across 

the acinus, increasing from periportal to perivenous cells (Maly and Sasse, 1991; Geerts et al. 

1996; Boon et al. 1999). The higher concentration of GDH activity in perivenous hepatocytes, 

where there is a demand for Glu in Gln synthesis, suggests that the net flux through GDH is 

towards Glu synthesis within these cells (Brosnan and Brosnan, 2009). 
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1.7.1.2. Glutamine synthetase 

Glutamine synthetase catalyzes the incorporation of ammonia-N into Glu, producing Gln 

(Meister, 1985). Glutamine synthetase is expressed in the liver, nervous system, kidney, and 

muscle (Haüssinger and Schliess, 2007; Weiner et al., 2015; Butterworth, 2014; Biolo et al., 

2005). In the nervous system, Gln-S reduces concentration of the neurotransmitter Glu, and in 

the kidneys, it controls Gln synthesis during metabolic acidosis. However, the main role of Gln-S 

is in perivenous cells of the liver, scavenging ammonia residues not captured in periportal urea 

synthesis (Haüssinger, 1983; Haüssinger and Gerok, 1984). In perivenous hepatocytes, Gln-S is 

very active, and the Km for this enzyme is low, tightly regulating ammonia delivery to systemic 

circulation (Taylor and Curthoys, 2004). Moreover, at high ammonia concentrations induced by 

portal infusion of ammonium bicarbonate, Gln-S is responsible for up to 50% of ammonia 

clearance (Hakvoort et al., 2017). Synthesized Gln plays an important role as a N transporter 

between organs, especially in metabolic acidosis where urea synthesis is decreased, and 

ammonia-N is captured in Gln and taken to the kidneys for direct ammonia excretion 

(Welbourne et al., 1986; Haüssinger, 1989).  

In addition to metabolic acidosis, low protein diets or starvation also enhance Gln-S 

activity in the liver (Abumrad et al., 1990; Rémésy et al., 1997). Rats fed a diet of 11% casein 

had a 73% higher Gln release from the liver compared to those fed a 22%-casein control 

(Rémésy et al., 1997). Similar increases in Gln release were observed in the post-absorptive state 

compared to the fed state (Lopez et al., 1998). These data suggest that when N flux is decreased, 

Gln-S activity increases, and the fate of N shifts toward Gln synthesis rather than urea, as a N 

salvage mechanism. 
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1.7.1.3. Urea cycle 

The urea cycle was discovered by Krebs and Henseleit (1932). It consists of two intra-

mitochondrial enzymes (CPS-I, ornithine carbamoyl transferase) and three extra-mitochondrial 

enzymes (argininosuccinate synthetase, argininosuccinate lyase, and arginase). There is a tight 

channeling of metabolites from one enzyme to the next, and the main regulator of the cycle is 

CPS-I (Meijer et al., 1990). Carbamoyl phosphate synthase-I activity is not inhibited by its 

product but it is highly dependent on N-acetyl-glutamate which acts as an allosteric activator 

(Meijer et al., 1990). 

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

disposal in ureotelic animals (Meijer et al., 1990). An alternative role for urea synthesis is the 

disposal of HCO3
-
 (by-product of AA catabolism) because N could be excreted in urine as 

ammonia which is produced from Gln in the kidney (Atkinson and Bourke, 1984; Haüssinger, 

1986). Moreover, urea synthesis in rats decreases during metabolic acidosis, when HCO3
-
 is 

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

Synthesis of urea in the liver is usually defined as a system of great capacity but low 

affinity; the latter is reflected in the high Km of CPS-I for ammonia (Meijer, et al., 1990). 

Therefore, production of ammonia by the intestinal mucosa and periportal hepatocytes is 

important to further increase free ammonia concentration for urea synthesis. Ammonia is the 

main donor of N for urea synthesis (Meijer et al., 1990). Free ammonia can reach the liver from 

different sources (e.g. direct absorption from gastrointestinal tract and from Glu and Gln 

catabolism in the enterocytes and hepatocytes; McGivan and Chappell, 1975). Urea-N comes 
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from ammonia-N via mitochondrial carbamoyl phosphate synthesis and from Asp via 

argininosuccinate synthetase. Aspartate as a N donor for urea synthesis can be synthesized from 

ammonia via GDH and Asp transaminase pathways. Therefore, both urea-N can come directly 

and indirectly from ammonia (Parker et al., 1995). Studies in ruminants have concluded that in 

situations of increased urea production, such as high protein intake, the ratio between ammonia 

uptake and urea production is decreased, implying that ammonia does not provide both N for all 

urea molecules. High rates of urea production, therefore, could increase AA catabolism to 

provide Asp as a N donor for urea synthesis in the liver (Lobley et al., 1995).  

1.8. Non-essential amino acid production from ammonia 

The intestine, liver, kidneys, and muscle are the main organs responsible for the synthesis 

of NEAA (Wu, 2013). Fundamentally, all NEAA can be synthesized from their respective α-keto 

acids via transamination with Glu, Asp and Ala (Brunhuber and Blanchard, 1994), but strictly 

speaking, only Glu and Ser are NEAA because they can be directly synthesized from a carbon 

skeleton and NPN sources (Brunhuber and Blanchard, 1994; Brosnan, 2000; NRC, 2012). 

Glutamine is synthesized by incorporation of an amide group from ammonia into Glu (Tate and 

Meister, 1971). Similarly, Asn is derived from Asp with Gln as the amide-group donor (Hongo 

and Sato, 1983). Proline is derived from Glu after a cascade of mitochondrial reactions having L-

pyrroline 5-carboxylate as an immediate precursor (Wu, 2013). L-pyrroline 5-carboxylate can 

also receive an extra N from Glu to form ornithine (Orn), and Orn can produce citrulline (Cit) 

after reacting with carbamoyl phosphate. Arginine can be produced from Cit as part of urea cycle 

reactions (Wu, 2013). Glycine is derived from Ser after reacting with tetrahydrofolate, a reaction 

catalyzed by Ser hydroxymethyltransferase 1 (Fujioka, 1969). Glycine can also be synthesized 
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after catabolism of Thr through the Thr dehydrogenase pathway with amino-ketobutyrate as an 

intermediate (Ballevre et al., 1990) 

Recently, it has been hypothesized that mammals are dependent on dietary preformed α-

amino N as an essential nutrient based on the hypothesis that there is not net production of 

NEAA from ammonia (Katagiri and Nakamura, 2002). In their paper, Katagiri and Nakamura 

(2002) consider the 
15

N-ammonia incorporation into Glu as a mere consequence of the 

reversibility of GDH but without net synthesis of Glu. Moreover, they do not consider that early 

studies of Rose et al., (1949) are proof of ammonia utilization for NEAA under the argument that 

they fed sufficient amounts of preformed amino-N even without ammonia supplementation. 

Therefore, they consider the studies from Rose et al., (1949) more related to the synthesis of the 

respective carbon skeleton rather than ammonia utilization for NEAA synthesis. These authors, 

however, consider 100% efficiency of transaminating N among AA and do not consider 

ammonia as an intermediary in these reactions. Mansilla et al. (2015) demonstrated that N 

retention and BW gain increased after infusion of urea-N into the cecum of pigs fed diets 

deficient in NEAA. In that experiment, GDH activity increased in the liver, implying higher Glu 

production and de novo synthesis of NEAA. This is in agreement with higher Asp and Glu 

production in cells exposed to increasing concentrations of ammonia in vitro (Bonarius et al., 

1998). These studies suggest net utilization of NPN when diets are deficient in NEAA, likely 

through de novo synthesis of Glu. 
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1.9. Conclusions 

Essential AA have been the main focus of AA nutrition for the past several decades. With 

the newfound ability to include crystalline AA to meet EAA requirements and reduce total 

dietary protein levels, the supply of N and NEAA is reduced, potentially compromising BW gain 

in pigs. Recent research has suggested requirements for NEAA based on the idea that these AA 

are also necessary for many other physiological functions. However, these suggestions have been 

mainly based on whole body AA composition and ignoring the capacity for endogenous 

synthesis of NEAA. In low CP diets supplemented with crystalline EAA, where N becomes the 

limiting nutrient, inclusion of NPN could supply N for the endogenous synthesis of NEAA and 

maintain the dietary balance of E:TN.  

Among NPN sources, it may appear that ammonia is the most available for non-ruminant 

animals, and its utilization in diets highly supplemented with crystalline AA should be 

investigated. Future studies should focus on establishing N requirements based on standardized 

total tract digestibility to ensure N availability for the synthesis of NEAA, and determining 

NEAA requirements when the endogenous synthesis capacity limits maximal growth.  
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CHAPTER 2  

RESEARCH RATIONALE AND OBJECTIVES 

With commercial availability of crystalline amino acids (AA) and higher concern about 

nitrogen (N) pollution from pork industry, there is a desire to reduce protein levels in commercial 

swine diets (Leek et al., 2005; Li et al., 2015). Protein reduction in diets compromises the supply 

of AA from protein sources, while inclusion of crystalline AA allows the supply of essential AA 

(EAA) to be maintained (Gloaguen et al., 2014; Peng et al., 2016). Supplementation of diets with 

crystalline AA did not compromise growth performance of pigs in some experiments (Powell et 

al., 2011; Gloaguen et al., 2014), while others rendered different results (Gloaguen et al., 2014; 

Molist et al., 2016; Peng et al., 2016). The decrease in growth performance in diets highly 

supplemented with crystalline AA could be attributed (among other reasons) to low dietary 

supply of non-essential AA (NEAA) or N necessary for the endogenous synthesis of NEAA 

(Heger et al., 1998; Mansilla et al., 2015). 

Non-essential AA are important for protein synthesis and many other physiological 

functions (Rezaei et al., 2013). The latter, however, should not be interpreted as essentiality in 

the diet because NEAA can be synthesized endogenously. Adding a N source to a diet deficient 

in NEAA-N can supply the necessary N for de novo synthesis of NEAA, thereby meeting NEAA 

supply for other metabolic functions. Therefore, it is possible that at some physiological stages 

and for some NEAA, there are no specific dietary minimum levels for NEAA, but for available 

N. When NEAA are indeed required in the diet, requirements should be expressed as the 

minimum necessary amount to maximize growth while considering the endogenous synthesis 

rates under proper supplementation of bioavailable N.  
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The general objective of the present thesis is to assess and quantify the utilization of non-

protein N (NPN) sources (i.e. urea and ammonia) when supplemented in diets deficient in 

NEAA-N fed to growing pigs. The author has hypothesized that ammonia is a better NPN source 

than urea, and it is as efficiently used for de novo synthesis of NEAA when diets are limiting in 

NEAA-N. 

The specific objectives for the studies presented are: 

1. To determine the efficiencies of utilization of urea, ammonia, Glu, and specific NEAA as 

dietary N sources when diets are deficient in NEAA-N (Chapter 3); 

2. To determine the effect of adding ammonia to diets deficient in NEAA-N on the AA 

profile of retained protein (Chapter 4); and, 

3. To characterize the dynamics of ammonia-N absorption and to quantify ammonia-N 

metabolism in the portal-drained viscera (PDV) and liver of growing pigs fed a diet 

deficient in NEAA-N (Chapter 5). 
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CHAPTER 3  

NITROGEN FROM AMMONIA IS AS EFFICIENT AS THAT FROM FREE 

AMINO ACIDS FOR IMPROVING GROWTH PERFORMANCE OF PIGS FED 

DIETS DEFICIENT IN NON-ESSENTIAL AMINO ACID NITROGEN
1
 

3.1. Abstract 

Inclusion of non-protein nitrogen (NPN) in diets with very low crude protein (CP) levels 

may compensate the deficient supply of non-essential amino acids (NEAA). The present study 

was conducted to determine the effect of supplementing NPN and specific NEAA to diets 

severely deficient in NEAA-nitrogen (N) on growth performance of pigs. In total, 72 

individually housed barrows [initial body weight (BW) 13.5 ± 0.6 kg; 8 pigs per treatment] were 

assigned to 9 dietary treatments. A basal diet was formulated to be deficient in NEAA-N with an 

essential AA (EAA)-N to total N (E:TN) ratio of 0.74. The basal diet was supplemented with 

cornstarch (Control), or 1 of 4 different N sources (urea, ammonia, Glu, and a mixture of NEAA) 

at 2 levels each, adding 1.35 and 2.70% extra CP and decreasing the final E:TN to 0.63 and 0.55, 

respectively. Pigs were fed the basal and experimental diets at 3.0 times maintenance energy 

requirements for metabolize energy (ME; 191 kcal ME/kg of BW
0.60

) during 9 d of adaptation 

and 3 wk of observations, respectively. Body weight was monitored weekly. At the end of the 

experiment, blood samples from the portal vein and abdominal aorta were collected to determine 

ammonia and urea-N concentration. Final BW, BW gain, and feed efficiency (G:F) increased (P 

< 0.05) with supplemented ammonia, Glu, and the NEAA mix, but not (P > 0.10) with urea. 

                                                 

1
 Published in part: Mansilla, W. D., J. K. Htoo, and C. F. M. de Lange. 2017. Nitrogen from ammonia is as efficient 

as that from free amino acids or protein for improving growth performance of pigs fed diets deficient in non-

essential amino acid nitrogen. J. Anim. Sci. doi. 10.2527/jas2016.0959 
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Final BW, BW gain, and G:F were not different (P > 0.05) between pigs fed the ammonia, Glu, 

and NEAA mix supplemented diets. Urea concentration in portal and arterial blood plasma 

increased linearly (P < 0.05) with urea intake, but not with other N sources (P > 0.05). In 

conclusion, growing pigs can utilize N from ammonia as efficiently as crystalline NEAA as a 

source of extra N when diets are severely deficient in NEAA-N. 

Key words: ammonia, growth performance, non-essential amino acids, non-protein 

nitrogen, pigs, urea 

3.2. Introduction 

While the requirements of growing pigs for essential amino acids (EAA) are reasonably 

well defined, there has been little research on the dietary need for nitrogen (N) to reflect intake of 

non-essential amino acids (NEAA), or to support endogenous synthesis of NEAA (NRC, 2012). 

As shown by Heger et al. (1998) and Gotterbarm et al. (1998), body protein deposition and 

growth performance in non-ruminant animals can be compromised when the dietary crude 

protein (CP) content is reduced while the supply of EAA is maintained, increasing the ratio 

between EAA-N to total N (E:TN). 

When lowering dietary CP, the dietary supply of NEAA is reduced and the need of N for 

endogenous synthesis of NEAA to support protein synthesis may be increased (Gloaguen et al., 

2014). The endogenous synthesis of NEAA requires N from either catabolism of EAA and 

NEAA that are supplied in excess, or from non-protein N (NPN; e.g. urea and ammonia; 

Mansilla et al., 2015; in the present chapter, the term ammonia will be used to refer to both NH3 

and NH4
+
). 
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The inclusion of urea in diets of non-ruminant animals has been of limited benefit 

(Grimson and Bowland, 1971; Kornegay, 1972). Studies have shown that urea-N is only 

available to the host when urea is hydrolyzed to ammonia or incorporated into microbial protein 

by the enteric microflora prior to absorption (Deguchi et al., 1978). Ammonia, therefore, may be 

more efficient than urea when diets are deficient in total N. The objective of the present study 

was to compare the effects of including different sources of NPN and NEAA in diets deficient in 

NEAA-N on growth performance of pigs. It was hypothesized that feeding NPN in the form of 

ammonia is as effective as feeding available N from crystalline NEAA for improving growth 

performance of pigs fed a diet deficient in NEAA-N. 

3.3. Materials and methods 

3.3.1. Animals, treatments and study design 

The present study followed recommendations of the Canadian Council of Animal Care 

(2009) and met the approval of the University of Guelph Animal Care Committee. Seventy-two 

Yorkshire barrows from Arkell Swine Research Station (University of Guelph, Arkell, ON, 

Canada) were sourced in 2 equal and consecutive blocks. Initial body weight (BW) of the pigs 

was 13.3 ± 0.6 and 13.9 ± 0.7 kg (mean ± SD) for blocks 1 and 2, respectively. Pigs were housed 

individually in floor pens (1.5 m × 1.1 m) and assigned to 1 of 9 dietary treatments with 4 pigs 

per treatment in each block. Pigs were fed 3 equal meals per day (0800, 1230, and 1700) at 3.0 

times maintenance energy requirements for metabolizable energy (ME; 191 kcal ME/kg of 

BW
0.60

; NRC, 2012); feeding levels were adjusted weekly based on BW measurements taken at 
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the beginning of the week. After 9 d of adaptation to the basal diet, BW of pigs was recorded 

weekly before feeding the first meal of the day during a 3-wk period. 

The basal diet contained casein and crystalline EAA as the only N sources and was 

formulated to constitute 95% of the experimental diets (Table 3.1 and 3.2). To avoid any effect 

of using multiple diet mixtures, the basal diet was prepared in a single batch for all dietary 

treatments in each of the 2 blocks. The basal diet met requirements for all EAA of the growing 

pig (NRC, 2012), but was low in CP (N × 6.25 = 8.01%). The E:TN in the basal diet was 0.74 

and above the optimal 0.48 (Heger et al., 1998). The remaining 5% of the experimental diets was 

mixed with the basal diet, either as cornstarch (N-free; Control) or 1 of 4 different sources of N 

(urea, ammonium citrate dibasic, L-glutamic acid, or a mixture of NEAA) plus cornstarch. Each 

N source was added to the basal diet at 2 different levels (low and high) to provide an additional 

1.35 and 2.70% CP in the diet (Table 3.3), decreasing E:TN to 0.63 and 0.55, respectively. The 

final standardized ileal digestible (SID) NEAA profile in the high NEAA-supplemented diet was 

based on the NEAA profile of whole body protein (Mahan and Shields, 1998) and was 

anticipated to minimize the need for endogenous NEAA synthesis. The NEAA diet was modified 

from that used by Heger et al. (1998), who included Glu, Gly, and Pro in a 6:3:1 ratio. Diet 

samples were analyzed for N content using total combustion (Leco; AOAC, 1997) by Agrifood 

Laboratories (Guelph, ON), and for individual amino acid (AA) concentration in Evonik 

laboratories (Hanau, Germany) according to Llames and Fontaine (1994). 
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3.3.2. Sample collection and analysis 

At the end of the performance study and during the 4 subsequent days, 9 pigs (1 per 

treatment) were euthanized each day. Pigs scheduled to be euthanized were fed the morning meal 

at 20-min intervals between individual pigs and euthanized 1 h after feeding by lethal injection 

(sodium pentobarbital, 0.3 mL/kg BW; Schering Canada, QC) into the heart. After euthanasia, a 

transversal incision in the abdominal cavity was made and blood samples (12 mL) were collected 

immediately from the portal vein and abdominal aorta. During the second block, blood samples 

from the hepatic vein were collected as well. 

Upon collection, blood samples were rapidly transferred to heparinized vacutainers (BD, 

Mississauga, ON, Canada) and centrifuged for plasma collection (2,500 × g for 15 min). 

Ammonia concentration was determined in deproteinized blood plasma using the indophenol 

method according to McCullough (1967). To minimize ammonia losses, blood plasma was 

acidified and deproteinized within 1 h of blood sampling, and the colorimetric reaction was 

performed within 12 h. Urea concentration in plasma was analyzed as ammonia after mixing 0.5 

mL of plasma with 0.1 mL of a urease (Sigma-Aldrich, St Louis, MO) solution (50 units/mL) for 

15 min. Urea concentration was calculated as the difference between ammonia concentration 

after and before the urease reaction divided by 2. Blood samples were also analyzed for free AA 

concentration according to Llames and Fontaine (1994). Additionally, liver samples, from the 

medial left lobe, were taken for analysis of enzyme activity. Liver samples were immediately 

frozen using liquid N and stored at -80 °C until further analysis.  
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3.3.3. Enzyme activity analysis 

The activity of two enzymes [Glu dehydrogenase (GDH) and Gln synthetase (Gln-S)] 

involved in the incorporation of ammonia into NEAA was analyzed in vitro. 

Glutamate synthesizing activity of GDH at different concentrations of ammonia was 

analyzed according to Davis and Martindale (1972). In short, 150 mg of liver sample was 

homogenized in 1.35 mL of 0.1 M phosphate buffer saline (pH = 7.4), diluted with phosphate 

buffer (1:50), and kept in an ice-cold water bath until assayed. The reaction mixture (EDTA, 

0.15 mM; α-ketoglutarate, 5.0 mM; NADH, 0.15 mM; and varying concentrations of ammonium 

chloride, 0, 25, 60, 100, 150, 220, 310, 430, 600, and 900 mM; Sigma Aldrich, St Louis, MO) 

was prepared immediately before it was used, and 180 μL was combined with 20 μL of diluted 

homogenized in a 96-well plate. Absorbance of these samples was inmediately read at 340 nm, 

every 40 seconds, for a period of 200 seconds, and compared to a standard curve based on 

different concentration of NADH (0, 30, 60, 90, 120, 150 mM). 

Glutamine synthetase activity in tissue samples was analyzed based on the appearance of γ-

glutamyl-hydroxamate after reaction of Gln with hydroxylamine according to Minet et al. 

(1997); enzyme activity was analyzed at different concentration of hydroxylamine. In Short, 150 

mg of tissue sample was homogenized in 3.0 mL of 50 mM imidazole (pH = 6.8; Sigma-Aldrich, 

St. Louis, MO), and kept in an ice-cold water bath until assayed. The reaction mixture [imidazole 

chloride, 75 mM (pH 6.8); L-Gln, 75 mM; sodium arsenate, 37.5 mM; manganese chloride, 3 

mM; ADP, 0.24 mM; and varying concentration of hydroxylamine, 0, 2, 5, 10, 20, 35, 60, 100, 

and 150 mM; Sigma Aldrich, St Louis, MO] was prepared immediately before it was used. The 
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reaction mixture (90 μL) was combined with homogenized sample (10 μL) in a test tube and 

incubated in a water bath at 37 °C for 8 min; the reaction was stopped by adding 0.5 mL of a 

fresh ferric chloride solution (FeCl3, 2.42 %; TCA, 1.45 % in HCl, 1.82 %; Sigma-Aldrich, St 

Louis, MO). Absorbance of these samples was read at 540 nm and compared to a linear standard 

curve based on crystalline γ-glutamyl-hydroxamate (0, 113.8, 227.6, 341.4, 455.2, 569 mM; 

Sigma-Aldrich, St Louis, MO). 

All enzyme activity data were standardized for protein content in the tissue homogenate. 

Protein concentration was analyzed using a commercial kit (Bio-Rad protein assay kit; Hercules, 

CA). Standardized enxyme activity data were plotted against different concentrations of substrate 

(ammonium chloride and hydroxylamine for GDH and Gln-S, respectively) and fitted to the 

Michaelis-Menten equation. The Vmax and Km for ammonia were estimated using Microsoft 

Excel Solver tool (v. 2010; Microsoft corporation, Redmond, WA) and minimizing the sum of 

the squares of the differences between analyzed and calculated values. 

3.3.4. Statistical analysis 

All data were analysized using PROC MIXED of SAS (v. 9.4; SAS Institute Inc., Cary, 

NC). The main effect of treatments was determined in the growth performance, concentrations of 

different metabolites in blood plasma, and enzyme activity data using the Tukey test; dietary 

treatment and block were included as fixed and random effects, respectively. To further partition 

the effect of treatments, the growth performance and urea and ammonia concentration data were 

analyzed for linear and quadratic regressions relative to the amount of extra CP added and their 

interaction with N source; N source was used as fixed effect and block, as random effect. When 
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the interaction between the linear regression and N source was significant, comparison of the 

linear slopes was performed using orthogonal contrasts. Enzyme activity (including Vmax and 

Km) data was analyzed using orthogonal linear contrasts within the same N source with dietary 

treatment as fix effect and block as random effect. Differences were considered significant at P ≤ 

0.05, and trends at 0.05 < P ≤ 0.10. 

3.4. Results 

During the second block, 3 pigs, 1 from each of treatments control, low-ammonia and 

high-Glu, were euthanized because of Streptococcus suis infection during the last week of the 

experiment; the rest of the pigs appeared healthy and ate all their meals within 20 min. Diets 

were prepared accurately, as analyzed CP and AA contents were similar to calculated values 

(Table 3.4). Initial BW was not different (P > 0.10, Table 3.5) between treatments. Final BW, 

BW gain, and G:F increased linearly (P < 0.05) with supplementation of ammonia, Glu, and 

NEAA, but not (P > 0.10) with urea. The regression slopes for final BW, BW gain, and G:F 

relative to the amount of extra CP added were not different (P > 0.10) among ammonia, Glu, and 

NEAA supplemented diets. 

Ammonia-N concentration was only increased (P < 0.05, Table 3.6) with the high-

ammonia treatment in portal and hepatic vein blood. Urea-N concentration in portal, hepatic, and 

arterial blood increased linearly (P < 0.05) with levels of supplemented urea but remained low 

and similar (P > 0.10) for all other treatments.  

In arterial blood plasma, AA concentrations of Ala and Asn were higher (P < 0.05) with 

Glu and NEAA supplementation compared to other sources of N (Table 3.7). Concentration of 
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Gln was higher (P < 0.05) for ammonia and Glu compared to urea and control; but Pro, Gly and 

Ser were only high (P < 0.05) in the NEAA treatment compared to other N sources. Among 

EAA, Cys and His were reduced (P < 0.05) with NEAA supplementation compared to control, 

and Thr was reduced (P < 0.05) with Glu and NEAA compared to control.  

In portal vein blood plasma, Ala concentration was increased (P < 0.05) with Glu and 

NEAA compared to other N sources (Table 3.8). Concentration of Asp was decreased (P < 0.05) 

with urea; Gln concentration was increased (P < 0.05) with ammonia compared to control and 

urea. Concentration of Gly and Ser were higher (P < 0.05) with NEAA supplementation 

compared to other N sources; Pro concentration was higher (P < 0.05) wih NEAA compared to 

other control, urea, and ammonia. Concentration of Thr was the highest with control, urea, and 

ammonia treatments (P < 0.05). 

Enzyme activity of GDH was decreased at 600, and 900 mM of ammonium chloride 

compared to 430 mM (i.e. inhibition by substrate; Dixon, 1979; data not shown); these data 

points were not included in the model for Vmax and Km determination. Activity of GDH was 

increased (P < 0.05) with ammonia and Glu treatments at all substrate concentrations (Figure 3.2 

and 3.3); Vmax, but not Km, was also increased (P < 0.05) with these treatments (Table 3.9). 

Activity of Gln-S was unaffected (P > 0.10) at all concentration of hydroxylamine in all N 

sources (Figure A1 to A4). Similarly, Vmax and Km of Gln-S for hydroxylamine were not 

affected (P > 0.10) by N sources (Table 3.9). 
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3.5. Discussion 

Experiments have shown that supplementation of specific NEAA can improve growth 

performance and N utilization in non-ruminants fed low CP diets (Heger et al., 1998; Powell et 

al., 2011; Ospina-Rojas et al., 2013, implying that at low dietary CP level, synthesis of specific 

NEAA may limit BW gain. Wu et al. (2013) have suggested that individual NEAA should be 

considered when formulating diets to improve body protein accretion and feed efficiency. As 

dietary protein levels are lowered, dietary supply of NEAA or N for endogenous synthesis of 

NEAA may become crucial to maintain growth performance of non-ruminant animals. The 

present study was designed to explore the effect of adding different sources of NPN (i.e. urea and 

ammonia) and specific AA to diets severely deficient in NEAA-N on growth performance of 

pigs. To achieve this, pigs were fed a diet deficient in NEAA-N and supplemented with urea 

ammonia, Glu and a mix of NEAA. At the end of the study, blood and tissue samples were taken 

to further explore N metabolism. 

Ammonia-N has been reported to be used more efficiently than urea-N in post-absorptive 

N metabolism in non-ruminant animals and humans (Rose et al., 1949; Lardy and Feldott, 1950; 

Giordano, 1963; Deguchi et al., 1978; Metges et al. 1999). This is in agreement with the linear 

increase of urea-N concentration in blood and the poor BW gain response of pigs fed the urea 

supplemented diets observed in the present study. In contrast, when urea was infused into the 

cecum of pigs fed a diet deficient in NEAA-N, urea-N was efficiently absorbed and used for 

increasing whole-body N retention (Mansilla et al., 2015). These observations suggest that urea-

N must be hydrolyzed to ammonia by the enteric microbiota before absorption in order to be of 

benefit for non-ruminant animals fed diets deficient in NEAA-N. 
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The effect of supplementing ammonia on BW gain was not different than that of pigs fed 

the Glu and NEAA supplemented diets. These results indicate that the use of NPN from 

ammonium salt is as effective as using preformed α-amino-N (crystalline NEAA) for 

endogenous synthesis of NEAA under conditions where EAA supply are above requirements for 

maximum growth. The increment in GDH activity with increasing levels of dietary ammonia and 

the low plasma urea-N concentration in ammonia diets also confirm that added ammonia-N was 

used to support body protein gain through synthesis of NEAA, thereby reducing catabolism of 

EAA. 

Cooper et al. (1987) showed that the liver is able to clear more than 90% of portal 

ammonia in a single pass, thus tightly controlling ammonia concentration in systemic circulation. 

At the highest dietary inclusion level of ammonia, pigs were consuming ~1.5 g of NH4-N per 

meal, which explains the high ammonia-N concentration in the portal vein. The increment in 

ammonia-N in the hepatic vein plasma implies a maximum limit for liver ammonia-N 

metabolism and may limit the utilization of ammonia-N as a N source when diets are deficient in 

NEAA-N. Capture of ammonia present in the portal vein is usually attributed to urea synthesis in 

the liver. However, it may be that when feeding diets deficient in NEAA, supplemented with 

ammonia, urea synthesis is not activated, and ammonia is captured through the GDH pathway in 

periportal hepatocytes; the Glu produced is important for the synthesis of NEAA (Boon et al., 

1999; Brosnan, 2000). Moreover, arterial Gln concentration increased with ammonia 

supplementation to a level not different than with NEAA supplementation, likely indicating 

faster Gln synthesis. Skeletal muscle is the main producer of Gln in the body (Biolo et al., 1995), 

but Gln-S in the liver is considered a system of high affinity for trapping excess ammonia from 
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periportal hepatocytes (Haüssinger, 1986; Brosnan and Brosnan, 2009). In the present study, 

Gln-S activity was analyzed with increasing concentration of hydroxylamine, and comparison of 

this Km with the ammonia concentration in blood should be interpreted cautiously. Deuel et al. 

(1978) reported that the Gln-S Km for ammonium was 0.3 mM. Considering this Km and the 

ammonia concentration in plasma, Gln-S was not at Vmax and thereby capable to handle higher 

ammonia concentrations. The latter can explain lack of treatment effect on Gln-S Vmax. 

Experiments using NPN as a N source in pig diets have been conducted previously. 

Grimson and Bowland (1971) and Kornegay (1972) found that BW gain was reduced when urea 

was added to the diet at levels between 1.2 and 2.0%. Wehrbein et al. (1970) reported that BW 

gain and feed intake of growing pigs was decreased with increasing replacement of dietary 

protein with ammonium phosphate. Although availability of NPN from ammonium salts can be 

considered high, insufficient levels of EAA to compensate for the removal of intact protein likely 

affected pig performance in these experiments even when they were supplied with Lys, Thr, and 

Met. In contrast, the basal diet used in the present study was formulated to meet requirements for 

all EAA and, therefore, any effect on BW gain can be attributed solely to the level and source of 

N added to the diet.  

Rose et al. (1949) and Lardy and Feldott (1950) reported that ammonium salts were as 

efficient as crystalline Gly and Glu for providing N to support improvement in growth 

performance of rats and, apparently, for endogenous synthesis of NEAA. However, in these 

experiments some EAA were added in racemic form which may have diminished efficiency of 

utilization of AA and confounding the response to ammonium citrate. The profile of EAA used 

in those experiments was not published and it is referred to as the best mixture of EAA for 



 

 

   36 

 

animal growth in their laboratory. In the present experiments, dietary EAA were supplied to meet 

estimated requirements according to NRC (2012), and the final content of NEAA in the NEAA 

mixture treatment was based on the whole body AA profile of growing pigs reported by Mahan 

and Shields (1998). 

It is important to consider that when calculating E:TN, any excess of dietary EAA-N 

relative to the optimum dietary balance among EAA should not be considered as EAA-N as it 

may be used for NEAA synthesis (Heger, 2003). In the current experiments even at the highest N 

supplementation the E:TN was above the optimum ratio for protein deposition (0.48; Heger et al. 

1998) indicating that NEAA-N (or total N) was still limiting. Consequently, intake of EAA 

above requirements for protein synthesis and other essential metabolic functions may still yield 

precursors for the endogenous synthesis of NEAA. An example of the preferential use of an 

EAA for the endogenous synthesis of NEAA is the use of Thr for the synthesis of Gly (Ballevre 

et al., 1990; Yuan et al., 2000). The reduction in growth performance of chicks fed low-protein 

diets has been attributed to the use of dietary Thr for synthesis of Gly (Ospina-Rojas et al., 

2013). This interaction between dietary Thr and Gly intake may also explain the positive growth 

performance response to added dietary Gly when growing pigs were fed low-protein diets 

(Powell et al., 2011). In agreement with the latter, the NEAA mix was the only treatment that 

increased Gly, Ser and Pro concentration in portal vein and arterial blood. The increment in 

blood plasma concentration should be interpreted cautiously as the increment in concentration 

may only represent the higher supply of NEAA in the NEAA-supplemented treatment and not a 

limitation in NEAA synthesis or a requirement for these NEAA. These observations provide 

support for further exploring the use of N sources for endogenous synthesis of NEAA and 
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determining requirements for NEAA when intake of EAA is at or only marginally below 

estimated requirements. 

3.6. Conclusions and implications 

With increasing supplementation of crystalline EAA and decreasing levels of CP in 

commercial pig diets, the supply of NEAA or N for endogenous synthesis of NEAA is reduced. 

The present experiment demonstrate that utilization of dietary NPN in the form of ammonium 

citrate is as efficient as pre-formed α-amino-N sources (i.e. crystalline AA) for improving growth 

performance of pigs fed diets limiting in NEAA-N. Dietary urea-N has poor bioavailability and 

requires enteric microbial conversion to ammonia before it can be used as a N source for 

endogenous synthesis of NEAA. Further research is warranted to explore utilization of ammonia-

N and EAA-N for endogenous synthesis of NEAA, especially when intakes of EAA are at 

estimated requirements.  
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Table 3.1 Ingredient composition of basal diet deficient in NEAA-N
1
 

Ingredient, % 
 

Basal diet 

Corn starch
2-3

  62.9 

Casein
3
  3.6 

Cellulose
3
  3.0 

Pectin
3
  3.0 

Sugar
3
  8.0 

Soya oil  4.0 

L-Lys.HCl  0.963 

L-Arg  0.356 

L-Cys.HCl  0.330 

L-His  0.255 

L-Ile  0.372 

L-Leu  0.728 

DL-Met  0.230 

L-Phe  0.504 

L-Thr  0.468 

L-Trp  0.146 

L-Tyr  0.113 

L-Val  0.452 

Monocalcium phosphate  1.70 

Limestone  1.42 

Salt  0.76 

Magnesium sulphate  0.42 

Potassium sulphate  0.67 

Vitamin and mineral premix
4
  0.6 

TOTAL  95.0 
1
N: nitrogen, NEAA: non-essential amino acid.

  

2
Diet composition is expressed in as-is basis.

 

3
Cornstarch (Tate & Lyle ingredients Americas, Inc., Decatur, IL), Cellulose (cellulose powder BH65 FCC; 

Cambrian Chemicals, Inc., Oakville, ON), Pectin (Pectin powder CPK240A; L.V. Lomas Limited, Brampton, 

ON), Sucrose (sugar, Lantic, Inc., Montreal, QC).  
4
Supplied per kilogram of complete diet: vitamin A, 10,000 IU as retinyl acetate (2.5 mg) and 

retinylpalmitate (1.7 mg); vitamin D3, 1,000 IU as cholecalciferol; vitamin E, 56 IU as dl-α-tocopherol 

acetate (44 mg); vitamin K, 2.5 mg as menadione; choline, 500 mg; pantothenic acid, 15 mg; riboflavin, 5 

mg; folic acid, 2 mg; niacin, 25 mg; thiamine, 1.5 mg; vitamin B6, 1.5 mg; biotin, 0.2 mg; vitamin B12, 

0.025 mg; Se, 0.3 mg from Na2SeO3; Cu, 15 mg from CuSO4.5H2O; Zn, 104 mg from ZnO; Fe, 100 mg from 

FeSO4; Mn, 19 mg from MnO2; and I, 0.3 mg from KI (DSM Nutritional Products Canada Inc., Ayr, ON). 
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Table 3.2 Calculated energy (kcal/kg) and nutrient contents (%) of basal diet deficient in 

NEAA-N  

Calculated
1,2

  Basal diet 

ME content
3
  3,437 

NE content  2,595 

CP (N × 6.25)  8.01 

Calcium  0.80 

Total phosphorus  0.39 

STTD phosphorus  0.35 

Sodium  0.31 

Potassium  0.29 

Total Lys  1.01 

SID Lys  0.999 

SID Arg  0.459 

SID His  0.342 

SID Ile  0.522 

SID Leu  1.008 

SID Met  0.317 

SID Met + Cys  0.558 

SID Phe  0.654 

SID Phe + Tyr  0.936 

SID Thr  0.589 

SID Trp  0.190 

SID Val  0.648 

SID N × 6.25  7.54 

E:TN  0.74 
1
Calculated using ingredient values according to NRC (2012). 

2
Calculated values are shown on as-is basis. 

3
CP: crude protein; E:TN: essential amino acid-nitrogen to total nitrogen ratio, ME: metabolizable energy, N: 

nitrogen, NE: net energy, NEAA: non-essential amino acids, SID: standardized ileal digestible, STTD: 

standardized total tract digestible. 
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Table 3.3 Ingredient composition of the 5% inclusion N supplements 

Ingredient % Control 
Urea 

 
Ammonia 

 
Glutamate 

 
NEAA

1
 mix 

low high  low high  low high  low high
2
 

L-Ala
3
  

 
        0.286 0.572 

L-Asp  
 

        0.331 0.662 

Gly           0.393 0.785 

L-Glu  
 

     2.288 4.576  0.338 0.676 

L-Pro  
 

        0.104 0.207 

L-Ser  
 

        0.150 0.300 

Ammonium 

citrate dibasic 
 

 
  1.795 3.589      

 

Urea  0.472 0.943         
 

Corn starch 5.000 4.529 4.057  3.206 1.411  2.712 0.424  3.399 1.798 
1
N: nitrogen, NEAA: non-essential amino acids.

 

2
Enough to cover the calculated requirement of individual NEAA based on whole body NEAA composition 

of 20-kg pigs, according to Mahan and Shields (1998). 
3
All ingredients are expressed in as-is basis. 



 

 

   41 

 

Table 3.4 Calculated and analyzed CP and total AA content of the complete diets 

 

Calculated
1-3

, 

% 

Analyzed (calculated)
1
, % 

Control 
Urea Ammonia Glutamate NEAA

4
 mix 

low high low high low high low high 

CP  7.94 

(8.01)
5
 

8.95 

(9.36) 

10.10 

(10.73) 

9.45 

(9.36) 

10.72 

(10.73) 

9.91 

(9.36) 

10.85 

(10.73) 

9.22 

(9.36) 

10.37 

(10.73) 

Arg 0.46 0.46 0.46 0.47 0.45 0.45 0.46 0.44 0.47 0.47 

His 0.34 0.45 0.32 0.32 0.31 0.35 0.31 0.32 0.33 0.32 

Ile 0.53 0.53 0.53 0.56 0.53 0.54 0.54 0.53 0.57 0.55 

Leu 1.02 1.02 1.09 1.19 1.12 1.00 1.08 1.03 1.15 1.15 

Lys 1.01 0.95 0.96 1.03 1.09 1.17 0.95 0.88 0.96 1.06 

Met 0.32 0.27 0.25 0.32 0.28 0.28 0.31 0.31 0.32 0.29 

Phe 0.66 0.70 0.67 0.68 0.65 0.65 0.66 0.66 0.68 0.67 

Thr 0.60 0.71 0.45 0.69 0.52 0.70 0.65 0.51 0.71 0.53 

Trp 0.19 0.18 0.18 0.18 0.18 0.17 0.18 0.19 0.17 0.19 

Val 0.66 0.65 0.68 0.68 0.66 0.66 0.64 0.65 0.67 0.67 

Ala 0.09 0.12 0.13 0.14 0.12 0.12 0.12 0.12 0.41 

(0.38) 

0.75 

(0.66) 

Asp 0.21 0.26 0.25 0.27 0.26 0.27 0.26 0.26 0.64 

(0.54) 

0.97 

(0.87) 

Glu 0.65 0.77 0.74 0.80 0.76 0.79 3.13 

(2.92) 

4.63 

(5.18) 

1.15 

(0.98) 

1.53 

(1.32) 

Gly 0.06 0.08 0.07 0.08 0.07 0.08 0.07 0.07 0.54 

(0.45) 

0.68 

(0.83) 

Pro 0.35 0.38 0.36 0.39 0.37 0.39 0.38 0.38 0.49 

(0.46) 

0.60 

(0.56) 

Ser 0.16 0.20 0.19 0.21 0.20 0.20 0.20 0.20 0.40 

(0.31) 

0.48 

(0.46) 
1
Calculated using ingredient values according to NRC (2012). 

2
Calculated nutrient contents for all experimental diets. 

3
Analyzed and calculated nutrient contents are shown on as-is basis. 

4
AA: amino acid, CP: crude protein, NEAA: non-essential amino acids. 

5
Calculated nutrient contents that are specific to individual experimental diets are presented in brackets. 
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Table 3.5  Initial and final BW, feed intake, BW gain, and G:F in growing pigs fed diets 

deficient in NEAA-N supplemented with increasing levels of different sources 

of N 

N source Added CP, % 

BW, kg 

 Feed intake, 

g.d
-1

.kg  

BW
-0.60

 

 
BW gain, 

g/d 

 

G:F 

Initial 

n = 8 

Final 

n ≥ 7 

 wk 01 to 03 

n ≥ 7 

 wk 01 to 03 

n ≥ 7 

 wk 01 to 03 

n ≥ 7 

Control 0 16.0 24.2
a
  170.8  380.5

a
  0.384

a
 

Urea 
1.35 16.3 24.3

a
  170.5  381.0

a
  0.385

a
 

2.70 15.5 23.8
a
  170.6  394.1

a
  0.408

a
 

Ammonia 
1.35 16.3 25.1

ab
  170.4  415.9

a
  0.416

a
 

2.70 16.5 26.6
b
  170.3  482.1

b
  0.474

b
 

Glutamate 
1.35 16.0 24.9

ab
  170.5  422.6

a
  0.428

a
 

2.70 16.3 26.0
b
  170.4  475.8

b
  0.477

b
 

NEAA
1
 

mix 

1.35 16.3 25.2
ab

  170.4  425.0
a
  0.425

a
 

2.70 16.4 26.4
b
  170.4  478.6

b
  0.473

b
 

SEM
2
 

 
0.33 0.50  0.12  12.2  0.011 

P - value 
Main effect of 
treatment 

0.572 < 0.001 
 

0.094 
 

< 0.001 
 

< 0.001 

          

Regression 

analysis 

P-values
3
 

N-source 0.540 0.002  0.759  <0.001  <0.001 
Linear 0.431 <0.001  0.002  <0.001  <0.001 

Quadratic 0.461 0.802  0.098  0.260  0.201 
N-source* linear 0.418 0.008  0.753  <0.001  <0.001 
N-source*quadratic 0.698 0.889  0.928  0.930  0.886 

  
BW, kg 

 

Feed intake, 

g.d
-1

.kg  

BW
-0.60

 

 
BW gain, 

g/d 
 G:F 

Initial Final 

Linear 

regression 

slopes 

Urea NS -0.154
b,NS

  NS  5.3
b,NS

  0.009
b,NS

 

Ammonia NS 0.911
a
  NS  38.0

a
  0.034

a
 

Glutamate NS 0.677
a
  NS  35.3

a
  0.034

a
 

NEAA mix NS 0.824
a
  NS  36.5

a
  0.033

a
 

 SEM -- 0.241  --  5.8  0.005 
a,b,c

Values in the same column followed by different superscripts differ significantly (main effect of the 

treatment; P ≤ 0.05). 
1
BW: body weight, CP: crude protein, G:F, gain:feed ratio, N: nitrogen, NEAA: non-essential amino acids. 

2
Standard error of the mean, n = 7 or 8 (1 pig) per treatment. 

3
Regressions of the different responses relative to the amount of extra CP added to the diet in the form of 

urea, ammonia, glutamate or NEAA. 

NS: Value for the slope is not different from 0, P > 0.05. 
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Table 3.6  Ammonia and urea-N concentration in plasma sampled from different blood 

vessels of growing pigs fed diets deficient in NEAA-N and supplemented with 

increasing levels of different sources of N 

N source 
Added CP, % 

Ammonia-N
1
, mM  Urea-N, mM 

Portal 

vein 

Hepatic 

vein 

Abdominal 

aorta 

 

Portal vein 

Hepatic 

vein 

Abdominal 

aorta 

n ≥ 6 n = 3 n ≥ 7  n ≥ 6 n = 3 n ≥ 7 

Control 0 0.122
a
 0.043

a
 0.064

ab
  0.117

a
 0.106

a
 0.086

a
 

Urea 
1.35 0.075

a
 0.037

a
 0.026

a
  0.425

b
 0.403

b
 0.415

b
 

2.70 0.084
a
 0.027

a
 0.030

a
  0.717

c
 0.621

c
 0.686

c
 

Ammonia 
1.35 0.138

a
 0.041

a
 0.051

ab
  0.168

a
 0.155

a
 0.128

a
 

2.70 0.222
b
 0.173

b
 0.098

b
  0.172

a
 0.207

a
 0.164

a
 

Glutamate 
1.35 0.091

a
 0.069

a
 0.071

ab
  0.103

a
 0.100

a
 0.082

a
 

2.70 0.096
a
 0.051

a
 0.056

ab
  0.140

a
 0.129

a
 0.113

a
 

NEAA
 

mix 

1.35 0.094
a
 0.036

a
 0.032

a
  0.117

a
 0.089

a
 0.077

a
 

2.70 0.076
a
 0.050

a
 0.037

a
  0.154

a
 0.181

a
 0.126

a
 

SEM
2
  0.016 0.017 0.015  0.021 0.040 0.023 

P-value 
Main effect of 

treatment 
< 0.001 < 0.001 0.016 

 
< 0.001 < 0.001 < 0.001 

         

Regression 

analysis 

P-values
3
 

N-source <0.001 <0.001 0.034  <0.001 <0.001 <0.001 

Linear 0.965 0.005 0.657  <0.001 <0.001 <0.001 

Quadratic 0.071 0.184 0.141  0.780 0.614 0.746 

N-source*linear <0.001 <0.001 0.163  <0.001 <0.001 <0.001 

N-source*quadratic 0.832 0.130 0.518  0.428 0.545 0.322 

  Ammonia-N, mM  Urea-N, mM 

  
Portal 

vein 

Hepatic 

vein 

Abdominal 

aorta  Portal vein 

Hepatic 

vein 

Abdominal 

aorta 

Linear 

regression 

slopes 

Urea -0.0132
bNS

 -0.0062
bNS

 NS  0.222
a
 0.187

a
 0.221

a
 

Ammonia 0.0383
a
 0.0539

a
 NS  0.020

bNS
 0.038

bNS
 0.028

b
 

Glutamate -0.0090
bNS

 0.0019
bNS

 NS  0.008
bNS

 0.009
bNS

 0.010
bNS

 

NEAA mix 0.0159
bNS

 0.0038
bNS

 NS  0.014
bNS

 0.033
bNS

 0.015
bNS

 

SEM 0.0099 0.0107 --  0.010 0.021 0.011 
a,b,c 

Values in the same column followed by different superscripts differ significantly (main effect of the 

treatment; P ≤ 0.05). 
1
CP: crude protein, N: nitrogen; NEAA: non-essential amino acids. 

2
Standard error of the mean; n = 6 to 8 (1 pig) for the portal vein and abdominal aorta, and n = 3 for the 

hepatic vein. 
3
Regressions of the different responses relative to the amount of extra CP added to the diet in the form of 

urea, ammonia, glutamate or NEAA. 

NS: Value for the slope is not different from 0, P > 0.05. 
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Table 3.7  Amino acid concentration in arterial plasma, 1 h after feed intake, of pigs fed 

diets deficient in NEAA-N and supplemented with different N sources 

  

Control 
Urea  

high 

Ammonia  

high 

Glutamate  

high 

NEAA
1
  

high 
SEM

2
 P-value 

  

n = 7 n = 7 n = 8 n = 7 n = 8 

NEAA, 

μM 

Ala 1017
b
 1087

b
 946

b
 1596

a
 1615

a
 82 <0.001 

Asn 312
b
 317

b
 268

b
 369

a
 344

ab
 24 0.048 

Asp 9 8 15 12 11 2 0.069 

Glu 139 153 220 255 203 37 0.186 

Gln 2809
c
 3047

bc
 4357

a
 4818

a
 3958

ab
 283 <0.001 

Gly 868
b
 930

b
 761

b
 941

b
 1913

a
 179 <0.001 

Pro 368
b
 395

b
 344

b
 409

b
 519

a
 25 <0.001 

Ser 163
b
 160

b
 145

b
 174

b
 269

a
 12 <0.001 

         

EAA, 

μM 

Arg 177 183 261 144 318 126 0.847 

Cys 54
a
 48

ab
 32

b
 43

ab
 32

b
 5 0.011 

His 181
a
 182

a
 141

ab
 143

ab
 131

cb
 12 0.010 

Ile 212 231 194 216 211 16 0.602 

Leu 385 402 360 372 365 28 0.814 

Lys 999 977 799 671 804 85 0.055 

Met 138 141 107 111 114 11 0.084 

Phe 257
a
 263

ab
 212

ab
 190

b
 200

ab
 19 0.029 

Thr 1325
a
 1435

a
 959

ab
 855

bc
 872

bc
 101 <0.001 

Trp 86 93 74 76 88 6 0.164 

Tyr 158 149 154 135 118 14 0.213 

Val 534 555 468 508 512 30 0.302 
a,b,c

 Values in the same row followed by different superscripts differ significantly (main effect of the 

treatment; P ≤ 0.05). 
1
EAA: essential amino acid, N: nitrogen; NEAA: non-essential amino acids. 

2
Standard error of the mean; n = 7 or 8 (1 pig) per treatment. 
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Table 3.8  Amino acid concentration in portal vein plasma, 1 h after feed intake, of pigs 

fed diets deficient in NEAA-N and supplemented with different N sources 

  

Control 
Urea  

high 

Ammonia  

high 

Glutamate  

high 

NEAA
1
  

high SEM
2
 P-value 

  

n = 7 n = 7 n = 8 n = 7 n = 8 

NEAA, 

μM 

Ala 966
b
 951

b
 1050

b
 1501

a
 1689

a
 114 <0.001 

Asn 294 275 323 341 323 29 0.475 

Asp 40
a
 25

b
 82

a
 60

a
 51

a
 13 0.029 

Glu 1155 978 1607 1209 1274 208 0.256 

Gln 2419
b
 2253

b
 4255

a
 3112

ab
 3134

ab
 342 0.001 

Gly 763
b
 770

b
 944

b
 772

b
 1880

a
 102 <0.001 

Pro 336
c
 347

c
 366

c
 400

bc
 498

ab
 32 0.004 

Ser 198
b
 173

b
 232

b
 202

b
 349

a
 24 <0.001 

         

EAA, 

μM 

Arg 146 123 148 169 92 36 0.579 

Cys 68 66 49 58 50 6 0.120 

His 182 162 174 147 138 17 0.300 

Ile 228 238 239 245 236 21 0.986 

Leu 390 394 406 399 403 35 0.997 

Lys 840 814 761 599 689 90 0.323 

Met 107 117 114 103 109 13 0.943 

Phe 253 264 252 205 218 26 0.399 

Thr 1150
ab

 1194
a
 929

ab
 736

c
 777

bc
 109 0.010 

Trp 77 81 80 76 84 8 0.949 

Tyr 200
ab

 171
ab

 235
a
 176

ab
 156

b
 20 0.048 

Val 545 540 528 524 526 39 0.993 
a,b,c

 Values in the same row followed by different superscripts differ significantly (main effect of the 

treatment; P ≤ 0.05). 
1
EAA: essential amino acid, N: nitrogen, NEAA: non-essential amino acids. 

2
Standard error of the mean; n = 7 or 8 (1 pig) per treatment. 
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Table 3.9 Vmax and Km for ammonium of GDH and Gln-S from the liver of pigs fed diets 

deficient in NEAA-N and supplemented with different sources of N  

    GDH
1
 

 
Gln-S 

    

Vmax, 

nmol/(min.mg 

protein) 

Km,  

mM  

Vmax, 

nmol/(min.mg 

protein) 

Km, 

mM 

Control 0 55.5 54.2 
 

211 6.06 

Urea 
1.35 65.1 52.0 

 
311 6.28 

2.70 69.9 58.8 
 

257 6.03 

Ammonia 
1.35 63.0 57.4 

 
203 6.38 

2.70 68.7 54.4 
 

235 6.19 

Glutamate 
1.35 64.4 52.4 

 
309 6.59 

2.70 69.3 49.2 
 

216 6.09 

NEAA 

mix 

1.35 66.8 54.0 
 

254 6.04 

2.70 55.5 63.0 
 

199 5.68 

SEM
2
 4.7 3.5 

 
43 0.25 

P-value 
Main effect 

of treatment 
0.182 0.166 

 
0.383 0.349 

       

P-value, 

Linear 

contrast
3
 

Urea 0.028 0.339 
 

0.436 0.928 

Ammonia 0.044 0.967 
 

0.682 0.712 

Glutamate 0.041 0.314 
 

0.926 0.933 

NEAA mix 0.998 0.070 
 

0.845 0.284 
1
GDH: glutamate dehydrogenase, Gln-S: Gln synthetase, N: nitrogen, NEAA: non-essential amino acids. 

2
Standard error of the mean; n = 7 or 8 (1 pig) per treatment. 

3
Linear regression relative to the amount of extra CP added to the diet in the form of urea, ammonia, 

glutamate or NEAA. 
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Figure 3.1 Glutamate dehydrogenase activity at different concentrations of ammonium in 

the medium, from the liver of pigs fed a diet deficient in NEAA-N and 

supplemented with increasing levels of urea. Data points represent average + 

SE of samples (n = 7 or 8). N: nitrogen, NEAA: non-essential amino acid 
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Figure 3.2 Glutamate dehydrogenase activity at different concentrations of ammonium in 

the medium, from the liver of pigs fed a diet deficient in NEAA-N and 

supplemented with increasing levels of ammonium citrate. Data points 

represent average + SE of samples (n = 7 or 8). , PLinear < 0.05 within the 

same NH4
+
 concentration. N: nitrogen, NEAA: non-essential amino acid 
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Figure 3.3 Glutamate dehydrogenase activity at different concentrations of ammonium in 

the medium, from the liver of pigs fed a diet deficient in NEAA-N and 

supplemented with increasing levels of glutamic acid. Data points represent 

average + SE of samples (n = 7 or 8). , PLinear < 0.05 within the same NH4
+
 

concentration. N: nitrogen, NEAA: non-essential amino acid 
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Figure 3.4 Glutamate dehydrogenase activity at different concentrations of ammonium in 

the medium, from the liver of pigs fed a diet deficient in NEAA-N and 

supplemented with increasing levels of a mix of NEAA. Data points represent 

average + SE of samples (n = 7 or 8). N: nitrogen, NEAA: non-essential amino 

acid 
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CHAPTER 4  

REPLACING DIETARY NON-ESSENTIAL AMINO ACIDS WITH AMMONIA 

NITROGEN DOES NOT ALTER AMINO ACID PROFILE OF DEPOSITED 

PROTEIN IN CARCASS OF GROWING PIGS FED A DIET DEFICIENT IN NON-

ESSENTIAL AMINO ACID NITROGEN
2
 

4.1. Abstract 

Amino acid (AA) usage for protein retention, and consequently the AA profile of retained 

protein, is the main factor for determining essential AA (EAA) requirements in growing animals. 

The objective of the present study was to compare the effect of supplementing ammonia or non-

essential AA (NEAA)-nitrogen (N) on whole body N retention and AA profile of retained 

protein in growing pigs fed a diet deficient in NEAA-N. In total, 48 barrows with an initial body 

weight (BW) of 13.6 ± 0.7 kg (mean ± SD) were used. At the beginning of the experiment, 8 

pigs were euthanized for determination of initial protein mass. The remaining animals were 

individually housed and fed 1 of 5 dietary treatments. A negative control (Neg Ctrl) diet was 

formulated to meet the requirements for all EAA but to be deficient in NEAA-N (N × 6.25 = 

8.01%). The Neg Ctrl diet was supplemented with either ammonium citrate or a mixture of 

NEAA at 2 levels each to supply 1.35 or 2.70% extra CP, respectively. The final standardized 

ileal digestible (SID) NEAA content in the high NEAA supplemented diet (Positive control; Pos 

Ctrl) was based on the NEAA profile of whole body protein of 20-kg pig, and it was expected to 

reduce the endogenous synthesis of NEAA. Pigs were fed at 3.0 times maintenance energy 

requirements for metabolizable energy (ME; 191 kcal ME/kg of BW
0.60

) in 3 equal meals daily. 

                                                 

2
 Published in part: Mansilla, W. D., J. K. Htoo, and C. F. M. de Lange. 2017. Replacing dietary non-

essential amino acids with ammonia nitrogen does not alter amino acid profile of deposited protein in carcass of 

growing pigs fed a diet deficient in non-essential amino acid nitrogen. J. Anim. Sci. doi. 10.2527/jas2017.1631 
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At the end of the 3-wk period, pigs were euthanized, and carcass and visceral organs were 

weighed, frozen, and ground for determination of protein mass. From pigs in the initial, Neg Ctrl, 

high ammonia, and high NEAA groups, AA contents in carcass and pooled visceral organs were 

analyzed to determine total and deposited protein AA profile, dietary EAA efficiencies, and 

minimal de novo synthesis of NEAA. Carcass weight and whole body N retention increased 

linearly (P < 0.05) and similarly (P > 0.10) with both types of N supplementation. Within the 

same N level, liver weight tended to be higher (P < 0.10) for ammonia-N supplementation 

compared to NEAA-N supplementation. The AA profiles of protein and deposited protein in 

carcass were not different (P > 0.10) between N sources, but Cys content was different (P < 

0.05) in visceral organ protein and deposited protein. The dietary SID EAA efficiency for 

increasing EAA retention in whole body protein above maintenance requirements increased (P < 

0.05) with N supplementation, but it was not different (P > 0.10) between N sources. The 

minimal de novo synthesis of all analyzed NEAA increased (P < 0.05) for ammonia compared to 

NEAA supplementation. In conclusion, adding ammonia to a diet deficient in NEAA-N increases 

de novo synthesis of NEAA, but does not affect the carcass AA profile compared to NEAA 

supplementation in the diet. 

Key words: amino acid, ammonia, low protein diet, nitrogen retention, non-protein 

nitrogen, pig. 

4.2. Introduction 

Feeding low-crude protein (CP) diets to growing pigs reduces excretion of nitrogen (N) 

into the environment while maintaining maximal growth when properly supplemented with 
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crystalline amino acids (AA; Gloaguen et al., 2014; Molist et al., 2016). However, a too severe 

reduction of CP level in the diet may decrease the supply of non-essential AA (NEAA)-N to a 

level that may compromise growth performance in non-ruminant animals (Gloaguen et al., 2014; 

Peng et al., 2016). Wu et al. (2013), Wu (2014), and Hou et al. (2015) published 

recommendations for dietary levels of NEAA to support maximal growth as AA, including 

NEAA, are important for different metabolic processes other than protein synthesis, and 

deficiencies of specific NEAA can compromise growth (Powell et al., 2011). However, such 

recommendations are based on extrapolation of synthesis and catabolic rates of AA in piglets (5 

to 10 kg) and do not represent accurately AA metabolism of more mature animals. Moreover, 

NEAA can be synthesized endogenously using available N from catabolism of AA or non-

protein N (NPN; Heger et al., 1998). Therefore, it is necessary to determine N requirements, and 

requirements of NEAA should be expressed as minimum dietary levels and consider endogenous 

synthesis rates for each NEAA. 

When diets are deficient in NEAA-N, ammonia is more efficient than urea for providing 

extra N required for the synthesis of NEAA (Deguchi et al., 1978; Cooper et al. 1987; Chapter 3; 

the term ammonia will be used to refer to both NH3 and NH4
+
). Ammonia-N supplementation in 

diets deficient in NEAA-N may increase the synthesis of NEAA (Mansilla et al., 2015) and 

potentially modify the AA profile of deposited protein. The latter is of importance as it is the 

main factor for determining EAA requirements when using the factorial approach (NRC, 2012). 

Thus, ammonia supplementation in low CP diets highly supplemented with EAA may modify the 

estimated EAA requirements. The objective of the present study was to compare the effects of 

replacing dietary NEAA with ammonia-N on whole body N retention and AA profile in carcass 
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and visceral organs of pigs fed diets deficient in NEAA-N. It was hypothesized that feeding 

ammonia-N will maintain N retention by increasing NEAA synthesis without affecting 

utilization of essential AA (EAA) for protein deposition compared to supplementation of NEAA 

in the diet. 

4.3. Materials and methods 

4.3.1. Animals, diets, and experimental design 

The experiments followed recommendations of the Canadian Council of Animal Care 

(2009) and met the approval of the University of Guelph Animal Care Committee. From the 

previous study (Chapter 3), 40 barrows (initial body weight = 13.6 ± 0.7 kg; mean ± SD; BW) 

were used in the present experiment. In addition, 8 extra pigs (BW = 13.6 ± 1.0 kg; mean ± SD, 

4 pigs per block, and 2 consecutive blocks) were euthanized at the beginning of the study to 

determine initial protein mass. The 40 pigs used in this trial were distributed to 5 dietary 

treatments. Pigs were fed 3 equal meals per day (0800, 1230, and 1700) at 3.0 times maintenance 

energy requirements for metabolizable energy (ME; 191 kcal ME/kg of BW
0.60

; NRC, 2012) 

during 3 consecutive weeks. Weekly feeding levels were adjusted based on BW measurements 

taken at the beginning of the week.  

The basal diet (95% of experimental diets; Tables 3.1 and 3.2) was formulated to meet the 

requirements for all EAA, but was low in CP (N × 6.25 = 8.01%; NRC, 2012). The EAA-N to 

total N ratio (E:TN) in the basal diet was 0.74 and above the optimum of 0.48 recommended by 

Heger et al. (1998). The remaining 5% of the experimental diet consisted of cornstarch [N free, 

negative control (Neg Ctrl)] or 2 N sources (ammonia or a mix of NEAA) plus cornstarch. 



 

 

   55 

 

Ammonia and the mix of NEAA were supplemented to the basal diet at 2 levels (low and high) 

to provide an additional 1.35 and 2.70% CP (final E:TN ratio was 0.63 and 0.55, respectively). 

The final standardized ileal digestible (SID) NEAA content in the high NEAA supplemented diet 

(positive control) was based on the NEAA profile of whole body protein (Mahan and Shields, 

1998) and was anticipated to minimize the need for endogenous NEAA synthesis. More detailed 

information on diet formulation and nutrient content of diets used for this study was reported in 

Chapter 3. 

After the 3-wk feeding period, pigs were euthanized by lethal injection (sodium 

pentobarbital, 0.3 mL/kg BW; Schering Canada, QC) into the heart. Pig carcasses were weighed 

and then frozen. Frozen carcasses were ground 3 times using a large meat grinder (model B-801, 

Autio Company, Astoria OR, USA) to ensure proper mixing, and a subsample was collected 

from each carcass. Similarly, liver and kidneys from pigs were weighed separately, all visceral 

organs were weighed and ground together and a sample was taken per pig. Ground subsamples 

were weighed before and after freeze drying to determine water content. Freeze dried carcass and 

visceral organ subsamples were analyzed for N content using total combustion (AOAC, 1997) by 

Agrifood laboratories (Guelph, ON). All diets and freeze dried carcass and visceral organ 

subsamples from the initial group, Neg Ctrl, high ammonia, and high NEAA were analyzed for 

individual AA content by Evonik laboratories (Hanau, Germany) according to Llames and 

Fontaine (1994). To ensure proper standardization to dry matter (DM) basis, DM content of 

freeze dried samples and diets was determined by heating in an oven at 102 ± 2 °C until weight 

remained constant. 
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4.3.2. Calculations 

For individual pigs, protein mass in carcass was calculated as the product of the dry carcass 

weight before grinding and the CP content of the dry, ground carcass sample. Nitrogen retention 

per day was calculated as the difference between N mass of individual pigs and the average N 

mass of the initial group, divided by the length of the study (21 to 24 d). Efficiency of retention 

of total digestible N was calculated as the ratio between N retained and digestible N intake, 

assuming 84.5 and 100% apparent total tract N digestibility for casein and crystalline AA, 

respectively (NRC, 2012). Amino acid profile of carcass protein was calculated as the proportion 

(%) of individual AA in carcass protein (N × 6.25). The AA profile of deposited protein in 

carcass was calculated as the ratio between the increment of individual AA mass (i.e. AA 

retention) and the increment of total protein mass (i.e. protein retention) × 100%. The same 

calculations were performed for the viscera.  

The dietary EAA utilization efficiency for whole body protein retention was calculated as: 

𝐸𝐴𝐴𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐸𝐴𝐴𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑 

𝑆𝐼𝐷 𝐸𝐴𝐴𝑖𝑛𝑡 − (
𝐸𝐴𝐴𝑚𝑎𝑖𝑛𝑡

𝐸𝐴𝐴𝑚𝑎𝑖𝑛𝑡 𝑒𝑓𝑓
)

 𝑥 100% 

in which  EAAefficiency is the percentage (%) of SID EAA in the diet retained in body 

protein,  EAAretained is the increment (g/d) of EAA content in carcass and visceral organs above 

the initial group, SID EAAint is the intake of dietary SID EAA (g/d), EAAmaint are the losses of 

EAA (g/d) in the intestine, skin and hair calculated according to NRC (2012) relative to DM 

intake and metabolic BW (BW
0.75

), EAAmaint eff is the efficiency of dietary SID EAA utilization 

for maintenance in growing pigs (NRC, 2012). 
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To improve precision of EAA content in the diet, and because they were prepared from a 

common basal diet and had the same nutrient content, the averages of analyzed individual EAA 

contents in each diet were used for all calculations (n = 9; Table 3.4). Standardized ileal 

digestible-AA contents in the diets were calculated according to NRC (2012). Daily maintenance 

EAA requirements (i.e. intestinal, skin and hair losses) were calculated from BW and DM intake 

according to NRC (2012) and divided by the EAA efficiencies for maintenance (NRC, 2012) to 

account for the usage of dietary EAA for maintenance functions. The minimum de novo NEAA 

synthesis (g/d) was calculated as the difference between daily whole-body NEAA retention (i.e. 

carcass plus visceral organs) and daily SID NEAA intake. 

4.3.3. Statistical analysis 

All data were analysized using PROC MIXED of SAS (v. 9.4; SAS Institute Inc., Cary, 

NC). The main effect of treatment was determined for carcass and organ weights, and N 

retention data using the Tukey test; dietary treatment and block were included as fixed and 

random effects, respectively. To further partition the effect of treatments, the different responses 

were analyzed for linear and quadratic regressions and their interaction with N source using N 

source as fixed effect and block as random effect. For results based on AA analysis, which was 

only conducted on a subset of treatments, orthogonal contrasts comparing Neg Ctrl vs. N-added 

diets (high ammonia and high NEAA), and high ammonia vs. high NEAA were performed. 

Differences were considered significant at P ≤ 0.05 and a trend when 0.05 < P ≤ 0.10. 
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4.4. Results 

During the second block, 1 pig from Neg Ctrl and 1 from low ammonia were euthanized 

because of Streptococcus suis infection. Carcasses and organs from these pigs were not used for 

statistical analysis; the rest of pigs remained healthy throughout the whole experiment. Carcass 

weight (kg) and carcass weight relative to BW (%) increased linearly (P < 0.05; Table 4.1) and 

similarly (P < 0.05) with either source of N supplementation. Visceral organ weight (kg) tended 

to increase (P < 0.10) with ammonia or NEAA-N supplementation; but as a percentage of BW, 

visceral organ weight decreased (P < 0.05) with either N source. Within the same level of N 

supplementation, liver weight (g) tended to increase (P < 0.05) with ammonia vs. NEAA 

supplementation. However, liver weight as percentage of BW tended to decrease (P < 0.10) with 

N supplementation. Within the same N level, kidney weight as an absolute value and as 

percentage of BW increased with NEAA supplementation compared to ammonia; these 

increments were quadratic (P < 0.05) for both N sources. 

As planned, N intake and digestible N intake increased linearly (P < 0.05; Table 4.2) with 

ammonia and NEAA supplementation. Carcass, viscera and whole body N retentions also 

increased linearly (P < 0.05) and similarly (P > 0.10) with ammonia and NEAA 

supplementation. Total efficiency of digestible N retention increased linearly (P < 0.10) with 

ammonia and NEAA supplementation, and the marginal efficiency of whole body N retention 

above Neg Ctrl was not different (P > 0.10) between treatments. 

Crude protein content of the carcass increased (P < 0.05) with N supplementation but was 

not different (P > 0.10; Table 4.3) between N sources. The concentration in carcass protein of 
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most AA (g/100g of protein) increased (P < 0.05) from Neg Ctrl to N-added diets except Gly, 

which decreased (P < 0.05), and Arg, Cys, Ala, Pro, and Ser did not change (P > 0.10). Amino 

acid profile of total protein in carcass was not different (P > 0.10) between ammonia and NEAA. 

In viscera, CP content was not different (P > 0.10; Table 4.4) between treatments. The AA 

profile of total protein in the viscera was different (P < 0.05) only for Cys, and it showed a trend 

for increased His and Asp (P < 0.10) when comparing N-added to Neg Ctrl diets. Between added 

N sources, only Cys was different (P < 0.05), and Ala showed a trend to increase (P < 0.10) with 

NEAA supplementation compared to ammonia supplementation. 

In the protein deposited in the carcass during the 3-week trial, concentrations of Leu, Lys, 

Met, and Phe increased (P < 0.05; Table 4.5) when comparing N-added to Neg Ctrl diet. In 

addition, contents of Ile and Glu tended to increase (P < 0.10) while Ala and Gly tended to 

decrease (P < 0.10) between Neg Ctrl and N-added diets. The AA acid profile of deposited 

protein in carcass was not different (P > 0.05) when comparing ammonia to NEAA. In visceral 

deposited protein, the AA profile was enriched in Cys, His, Asp, and Glu (P < 0.05; Table 4.6), 

and it showed a trend for higher (P < 0.10) Leu, Lys, and Val between Neg Ctrl and N-

supplemented diets. When comparing between N sources, Cys and Ala increased (P < 0.05) with 

NEAA supplementation compared to ammonia supplementation. 

Efficiency of SID EAA deposition in the whole body (i.e. carcass plus visceral organs) 

increased (P < 0.05; Table 4.7) for all EAA when supplementing either ammonia or NEAA-N 

compared to Neg Ctrl, but it was not different (P > 0.10) between N sources. The minimal 

estimate of de novo synthesis of NEAA was not different (P > 0.10) when comparing Neg Ctrl to 
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N-added diets except for Ala (P < 0.05; Table 4.8). However, it was higher (P < 0.05) for all 

NEAA when comparing ammonia with NEAA supplementation. 

4.5. Discussion 

Dietary levels of SID NEAA or total tract digestible N have to be considered when 

formulating low CP diets supplemented with crystalline EAA (Wu et al., 2013; Gloaguen et al., 

2014; Mansilla et al., 2015). In diets deficient in NEAA-N, dietary ammonia is highly 

bioavailable, and its efficiency for increasing BW gain and N retention is similar to preformed α-

amino-N sources (i.e. protein or AA) in rats and pigs (Rose et al., 1949; Lardy et al., 1950; 

Chapter 3). The present experiment compares the effects of supplementing ammonia or NEAA 

on whole body N retention and the AA profile of carcass and viscera protein when pigs are fed 

diets deficient in NEAA-N and supplemented with ammonia-N. 

The growth performance results from the animals used in present experiment (Chapter 3) 

showed that N supplemented from ammonium citrate was used as efficiently as N supplemented 

from Glu or a mixture of NEAA for increasing BW gain in pigs. Similarly, ammonia and NEAA-

N supplementation increased whole body N retention to the same extent. Moreover, when added 

to a very low NEAA-N diet with a E:TN of 0.74, the marginal efficiency of added ammonia-N 

was close to 100%, in agreement with previous studies (Mansilla et al., 2015). This high 

utilization efficiency of ammonia-N together with little increments in urea plasma concentration 

similar to increments with glutamate or NEAA supplementation (Chapter 3) is in disagreement 

with the need to include NEAA in the diet as suggested by Wu (2014) and Hou et al. (2015). In 

the present experiment, it can be concluded that endogenous synthesis of NEAA is sufficient to 
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cover the requirements for NEAA for growth (i.e. protein synthesis), suggesting that 

requirements for NEAA are lower than those proposed by Wu (2014) and hou et al. (2015). 

However, it has to be considered that even at the highest level of N supplementation, the dietary 

E:TN was above 0.48 reported to be the optimum for increasing N retention (Heger et al., 1998). 

Above the optimum E:TN ratio, excesses of EAA are catabolized for the synthesis of NEAA. 

Catabolism of Thr produces Gly in pigs reducing the need for de novo Gly synthesis (Ballevre et 

al., 1990). This metabolic interaction appears to have practical implications in chickens fed low 

CP diets (Ospina-Rojas et al., 2013). Further understanding of N requirements, maximum rates 

of NEAA synthesis, how they are affected by exogenous supply, and minimum dietary levels of 

NEAA is warranted. 

 To increase N content and supply extra NEAA in low CP diets, Glu, Gly, and Pro have 

previously been used in a 3:2:1 ratio (Heger et al., 1998). This arbitrary ratio between specific 

NEAA reflects the lack of knowledge in NEAA nutrition. For the present experiment, the final 

SID content of NEAA in the NEAA-supplemented diet was based on the NEAA profile of whole 

body protein (Mahan and Shields, 1998) in an attempt to minimize the need to endogenously 

synthesize NEAA. However, Gln and Asn were not included in the NEAA mix and were 

replaced with Glu and Asp. Thus, dietary levels of Gln and Asn were very low in all diets and 

could have compromised N retention and affected the AA profile of retained protein in the 

NEAA-supplemented diet. 

The liver is the main organ involved in AA synthesis and transamination reactions, and it 

could use ammonia-N for NEAA synthesis, increasing N retention when NEAA are deficient 

(Mansilla et al., 2015). In Chapter 3, it was reported that after ammonia-N intake and post-liver 
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metabolism, ammonia-N concentration decreased in hepatic vein blood, compared to portal vein 

blood, without increasing urea-N concentration. These data suggest that ammonia-N was used in 

the liver for synthesis of NEAA. The increment in NEAA synthesis in the liver is in agreement 

with the trend to increase liver size on ammonia-supplemented diets showing the increased work 

load in the liver when NEAA are replaced with ammonia-N.  

Amino acid usage for protein deposition is the main factor for determining AA 

requirements in growing pigs (NRC, 2012). Therefore, AA requirements may change if there is a 

modification in the AA profile of deposited protein. Dietary ammonia did not modify AA profile 

of carcass protein compared to NEAA supplementation suggesting that increasing endogenous 

synthesis of NEAA does not affect the availability of EAA required to support protein synthesis, 

and consequently, estimated requirements for EAA remained the same for pigs given ammonia. 

However, in the visceral organ protein, Cys concentration increased with NEAA compared to 

ammonia-N supplementation (Table 4.4 and 4.6). This could be explained by the different size of 

organs that are included in the visceral organ pool. Compared to carcass proteins (mainly muscle 

and skin proteins) the visceral organ proteins depend on the size of the organs included. In the 

present study, liver weight was reduced with ammonia supplementation, while kidney weight 

was increased. In agreement with this, the liver Cys content is higher compared to kidney Cys 

content (Beach et al., 1943). This response was only observed in the pooled visceral organ 

protein and not in carcass protein, the latter representing 93% of whole body N retention. 

Endogenous synthesis of NEAA requires N from AA catabolism (i.e. EAA and NEAA; 

Heger et al., 1998) or from NPN sources (Mansilla et al., 2015). In the Neg Ctrl diet, the 

efficiency of dietary SID EAA utilization was low compared to that for N-supplemented diets. 
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This reduction in efficiency reflects the increment in dietary EAA catabolism when insufficient 

amounts of SID NEAA or total tract digestible N are present in the diet. Therefore, a proper 

dietary balance between SID EAA and total tract digestible N is required when formulating very 

low-CP diets (Heger et al., 1998). When comparing AA efficiencies in ammonia- and NEAA-

supplemented diets to those reported in NRC (2012), only Arg and Met + Cys showed higher 

efficiencies (18.6 and 17.7% higher for Arg and Met + Cys, respectively). Efficiency of Met 

utilization was not higher than expected from NRC (2012), suggesting that the sulfur-AA effect 

was due to an increase in dietary Cys efficiency. High efficiency of AA retention in body protein 

may indicate a deficient supply in the diet, relative to requirements. The experimental diets were 

formulated to Arg:Lys and (Met + Cys):Lys ratios recommended in NRC (2012). Thus, 

requirements for Arg and Cys may have increased to higher than NRC (2012) recommended 

levels on the low-CP diets we fed. An increment in Arg requirement in pigs fed low CP was also 

suggested by Guay and Trottier (2006), after Arg plasma concentration 2 h post-feeding was 

reduced by 78% when dietary CP content decreased from 16.1 to 7.8%. For Cys, synthesis of 

Cys from Met requires Ser, which can be synthesized from Gly (Lu, 2009; Wang et al., 2013). 

Thus, it could be possible that when dietary supply of Ser and Gly is low, Cys synthesis from 

Met is reduced, decreasing Cys synthesis and increasing Cys efficiency. 

In the present study, the calculation for de novo NEAA synthesis only accounts for the 

portion of NEAA synthesized above the SID dietary supply that are incorporated into the body 

protein pool. Therefore, this calculation is referred to the minimal de novo NEAA synthesis. On 

the NEAA-supplemented diet, Gly was the only NEAA with a positive value for minimum 

endogenous synthesis rate, suggesting that Gly may have been needed in higher proportions than 
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those found in the whole body AA profile. This higher utilization of Gly is in agreement with the 

multiple roles Gly plays in different metabolic pathways (i.e. synthesis of glutathione, purines, 

creatine, etc.; Wang et al., 2013). Moreover, supplementation of Gly increased BW gain 

compared to Glu supplementation in growing pigs fed low-CP diets, implying that N itself was 

not limiting but preformed Gly was required (Powell et al., 2011). It appears that Gly, more than 

other NEAA, has the potential to limit growth in pigs fed low-CP diets supplemented with 

crystalline AA. 

4.6. Conclusions and implications 

With decreasing levels of CP and higher supplementation of crystalline EAA in pig diets, 

the dietary supply of NEAA decreases, potentially compromising growth performance. In the 

present study, adding ammonia-N (bioavailable NPN) provided extra N necessary for the 

endogenous synthesis of NEAA, decreasing catabolism of EAA without modifying the AA 

profile of retained protein. Supplemented ammonia-N had a similar bioavailability to pre-formed 

NEAA for increasing N retention. Determining N requirements is important to ensure adequate 

supply of N for the endogenous synthesis of NEAA. The latter suggests that requirements for 

NEAA should be expressed as minimal dietary levels considering the endogenous synthesis rates 

of specific NEAA when N requirements are met. In low CP diets with low Gly supply, metabolic 

processes (e.g. Cys synthesis) could be compromised potentially reducing growth despite 

adequate N supplementation. Further understanding of dietary ammonia metabolism when 

supplemented to diets deficient in NEAA-N is warranted.  
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Table 4.1 Carcass and visceral organ weights of pigs fed diets deficient in NEAA-N and supplemented with increasing levels of 

N from ammonium citrate or crystalline NEAA 

  
Cornstarch, 

Neg Ctrl 

Ammonia  NEAA
1
 

SEM
2
 

P-value 

 Low High  Low High Main 

effect 
Source Linear

3
 Quadratic

3
 

Source* 

linear
4
 

Source* 

quadratic
4
  n = 7 n = 7 n = 8  n = 8 n = 8 

Carcass weight, kg 19.8
b
 20.7

ab
 22.4

a
  21.3

ab
 22.5

a
 0.5 <0.001 0.481 <0.001 0.751 0.863 0.508 

Carcass, % of BW 80.7 82.2 82.0  82.7 83.3 0.8 0.187 0.352 0.026 0.298 0.456 0.945 

Visceral organs, 

kg 
3.45 3.44 3.61  3.36 3.62 0.09 0.168 0.717 0.058 0.101 0.924 0.569 

Visceral organs, % 

of BW 
13.9 13.5 13.1  13.0 13.3 0.3 0.293 0.668 0.046 0.205 0.734 0.283 

Liver, g 693 710 757  677 661 30 0.166 0.075 0.544 0.791 0.118 0.761 

Liver, % of BW 2.81 2.77 2.76  2.62 2.44 0.12 0.189 0.116 0.093 0.931 0.206 0.958 

Kidneys, g 113.0
b
 100.3

b
 118.2

b
  112.2

b
 135.9

a
 5.2 <0.001 0.030 0.009 0.005 0.109 0.742 

Kidneys, % of BW 0.452
b
 0.401

b
 0.473

ab
  0.449

b
 0.544

a
 0.021 <0.001 0.030 0.009 0.005 0.109 0.742 

a,b,c 
Values with different superscripts in the same row indicate main effect of the treatment (P < 0.05). 

1
BW, body weight; N, nitrogen; NEAA, non-essential amino acid. 

2
Standard error of the mean, n = 7 or 8 (1 pig) per treatment. 

3
Regression of the different responses relative to the amount of extra CP added to the diet. 

4
Interaction of the regression of the different responses relative to the amount of extra CP added to the diet with the N sources (ammonia or NEAA). 
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Table 4.2  Whole body N retention and N utilization in pigs fed diets deficient in NEAA-N and supplemented with increasing 

levels of N from ammonium citrate or crystalline NEAA 

  
Cornstarch, 

Neg Ctrl 

Ammonia  NEAA
1
 

SEM
2
 

P-value 

 Low High  Low High Main 

effect 
Source Linear

3
 Quadratic

3
 

Source* 

linear
4
 

Source* 

quadratic
4
  n = 7 n = 7 n = 8  n = 8 n = 8 

Feed intake, kg/d 0.989 0.994 1.023  1.004 1.066 0.03 0.458 0.465 0.067 0.519 0.492 0.868 

N intake, g/d 12.1
c
 14.1

b
 16.4

a
  14.0

b
 15.9

a
 0.3 <0.001 0.461 <0.001 0.912 0.478 0.802 

Digestible N intake, g/d 11.4
c
 13.5

b
 15.7

a
  13.4

b
 15.3

a
 0.3 <0.001 0.457 <0.001 0.911 0.474 0.801 

Digestible N intake above 

Neg Ctrl, g/d 
-- 2.22

b
 4.43

a
  2.06

b
 3.95

a
 0.18 <0.001 -- -- -- -- -- 

Carcass N retention, g/d 7.08
b
 9.12

ab
 11.16

a
  9.94

a
 11.19

a
 0.62 <0.001 0.548 <0.001 0.428 0.995 0.434 

Viscera N retention, g/d 0.665 0.733 0.951  0.693 0.871 0.082 0.064 0.491 0.002 0.264 0.603 0.984 

Whole body N retention, g/d 7.75
b
 9.85

ab
 12.11

a
  10.63

a
 12.06

a
 0.61 <0.001 0.600 <0.001 0.508 0.941 0.424 

Whole body N retention 

above Neg Ctrl, g/d 
-- 2.15

b
 4.39

a
  2.91

ab
 4.34

ab
 0.60 0.025 -- -- -- -- -- 

Total digestible N 

efficiency, % 
67.8 73.5 77.6  79.5 79.1 4.2 0.244 0.467 0.023 0.348 0.876 0.507 

Marginal efficiency of 

added N, % 
-- 96.7 99.1  141.7 109.8 21.8 0.442 -- -- -- -- -- 

a,b,c, 
Values with different superscripts in the same row indicate main effect of the treatment (P < 0.05). 

1
N, nitrogen; NEAA, non-essential amino acid. 

2
Standard error of the mean, n = 7 or 8 (1 pig) per treatment. 

3
Regression of the different responses relative to the amount of extra CP added to the diet. 

4
Interaction of the regression of the different responses relative to the amount of extra CP added to the diet with the N sources (ammonia or NEAA). 
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Table 4.3  Crude protein content (% of DM) and AA profile of carcass protein (g/100g 

CP) of pigs fed diets deficient in NEAA-N and supplemented with ammonium 

citrate or crystalline NEAA 

  

AA, g/100g 

CP 

Cornstarch,  

Neg Ctrl 

Ammonia 

High 

NEAA
1
 

High SEM
2
 

P-value 

Neg Ctrl 

vs. N-

added diets 

Ammonia 

vs. NEAA 
n = 7 n = 8 n = 8 

Carcass 

CP 37.2 45.1 43.3 2.3 0.018 0.557 

EAA 

Arg 6.67 6.61 6.74 0.09 0.983 0.293 

Cys 0.96 0.99 1.00 0.02 0.153 0.608 

His 2.47 2.74 2.64 0.08 0.028 0.347 

Ile 3.09 3.33 3.34 0.07 0.011 0.903 

Leu 6.04 6.39 6.44 0.11 0.008 0.740 

Lys 5.98 6.42 6.49 0.12 < 0.01 0.686 

Met 1.72 1.86 1.90 0.04 < 0.01 0.519 

Phe 3.28 3.41 3.45 0.05 0.017 0.603 

Thr 3.38 3.52 3.54 0.06 0.044 0.863 

Val 4.02 4.18 4.21 0.06 0.030 0.752 
        

NEAA 

Ala 6.65 6.42 6.56 0.11 0.254 0.336 

Asx 7.50 7.77 7.85 0.11 0.024 0.577 

Glx 12.32 12.72 12.90 0.15 0.012 0.349 

Gly 11.13 10.01 10.36 0.40 0.064 0.512 

Pro 7.00 6.55 6.80 0.21 0.216 0.404 

Ser 3.63 3.67 3.67 0.04 0.500 0.964 
1
AA: amino acid, CP: crude protein, EAA: essential amino acids, N: nitrogen, NEAA: non-essential amino 

acid. 
2
Standard error of the mean, n = 7 or 8 (1 pig) per treatment. 
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Table 4.4  Crude protein content (% of DM) and AA profile of viscera protein of pigs fed 

diets deficient in NEAA-N and supplemented with ammonium citrate or 

crystalline NEAA 

  

AA, g/100g 

CP 

Cornstarch,  

Neg Ctrl 

Ammonia 

High 

NEAA
1
 

High SEM
2
 

P-value 

Neg Ctrl vs. 

N-added 

diets 

Ammonia 

vs. NEAA 
n = 7 n = 8 n = 8 

Viscera 

CP 59.1 58.5 60.0 1.5 0.956 0.457 

EAA 

Arg 6.15 6.15 6.20 0.03 0.423 0.201 

Cys 1.32 1.33 1.43 0.02 0.040 < 0.01 

His 2.23 2.34 2.30 0.04 0.069 0.552 

Ile 3.50 3.51 3.53 0.05 0.712 0.784 

Leu 7.31 7.48 7.47 0.11 0.191 0.919 

Lys 6.23 6.35 6.41 0.08 0.143 0.583 

Met 1.94 1.93 1.94 0.03 0.994 0.902 

Phe 4.07 4.14 4.10 0.05 0.396 0.511 

Thr 3.97 3.97 3.94 0.05 0.706 0.604 

Val 4.74 4.82 4.84 0.06 0.253 0.742 
        

NEAA 

Ala 5.99 5.95 6.06 0.04 0.893 0.077 

Asx 8.07 8.25 8.22 0.07 0.072 0.802 

Glx 11.59 11.76 11.98 0.14 0.113 0.237 

Gly 7.60 7.19 7.40 0.21 0.254 0.453 

Pro 5.35 5.15 5.21 0.09 0.136 0.638 

Ser 4.10 4.12 4.18 0.03 0.255 0.188 
1
AA: amino acid, CP: crude protein, EAA: essential amino acids, N: nitrogen, NEAA: non-essential amino 

acid. 
2
Standard error of the mean, n = 7 or 8 (1 pig) per treatment. 
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Table 4.5  Amino acid profile of protein deposited in the carcass of pigs fed diets deficient 

in NEAA-N and supplemented with ammonium citrate or crystalline NEAA 

AA, g/100g 

CP 

Cornstarch, 

Neg Ctrl 

Ammonia 

High 

NEAA
1
 

High SEM
2
 

P-value 

Neg Ctrl 

vs. N-

added diets 

Ammonia 

vs. 

NEAA n = 7 n = 8 n = 8 

Carcass 

EAA 

Arg 6.90 6.63 6.93 0.27 0.711 0.415 

Cys 0.95 1.00 1.04 0.06 0.366 0.629 

His 2.94 3.30 3.23 0.22 0.236 0.822 

Ile 3.31 3.72 3.88 0.20 0.059 0.564 

Leu 6.12 6.88 7.15 0.29 0.020 0.482 

Lys 5.84 6.91 7.27 0.35 < 0.01 0.446 

Met 1.74 2.05 2.22 0.12 0.014 0.322 

Phe 3.31 3.60 3.74 0.13 0.033 0.422 

Thr 3.59 3.79 3.92 0.16 0.172 0.535 

Val 4.24 4.49 4.65 0.17 0.124 0.503 
        

NEAA 

Ala 7.36 6.48 6.79 0.33 0.078 0.481 

Asx 7.94 8.33 8.69 0.30 0.131 0.374 

Glx 12.78 13.40 14.06 0.43 0.078 0.255 

Gly 12.31 9.19 9.59 1.18 0.053 0.801 

Pro 6.65 5.86 6.15 0.61 0.385 0.722 

Ser 3.96 3.86 3.91 0.13 0.639 0.757 
1
AA: amino acid, EAA: essential amino acids, N: nitrogen, NEAA: non-essential amino acid. 

2
Standard error of the mean, n = 7 or 8 (1 pig) per treatment. 
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Table 4.6  Amino acid profile of protein deposited in the viscera of pigs fed diets deficient 

in NEAA-N and supplemented with ammonium citrate or crystalline NEAA 

AA, g/100g 

CP 

Cornstarch, 

Neg Ctrl 

Ammonia 

High 

NEAA
1
 

High SEM
2
 

P-value 

Neg Ctrl 

vs. N-

added diets 

Ammonia 

vs. 

NEAA n = 7 n = 8 n = 8 

Viscera 

EAA 

Arg 5.93 6.01 6.17 0.08 0.117 0.141 

Cys 0.96 1.07 1.35 0.06 <0.01 <0.01 

His 1.73 2.09 2.00 0.11 0.022 0.527 

Ile 3.34 3.43 3.45 0.14 0.550 0.885 

Leu 6.36 6.97 6.90 0.27 0.090 0.853 

Lys 5.58 6.01 6.18 0.21 0.052 0.541 

Met 1.96 1.97 1.97 0.08 0.963 0.989 

Phe 3.78 3.99 3.86 0.12 0.322 0.451 

Thr 3.81 3.83 3.72 0.12 0.772 0.480 

Val 4.05 4.35 4.41 0.15 0.078 0.749 
        

NEAA 

Ala 5.98 5.84 6.19 0.13 0.792 0.047 

Asx 7.37 7.97 7.89 0.19 0.023 0.746 

Glx 10.22 10.98 11.57 0.35 0.020 0.213 

Gly 8.79 7.52 8.24 0.58 0.205 0.354 

Pro 5.94 5.30 5.51 0.25 0.100 0.533 

Ser 3.85 3.94 4.11 0.09 0.101 0.146 
1
AA: amino acid, EAA: essential amino acids, N: nitrogen, NEAA: non-essential amino acid. 

2
Standard error of the mean, n = 7 or 8 (1 pig) per treatment. 
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Table 4.7 Dietary whole body (carcass + viscera) EAA efficiency in pigs fed diets 

deficient in NEAA-N and supplemented with ammonium citrate or crystalline 

NEAA 

 
Cornstarch, 

Neg Ctrl 

Ammonia 

High 

NEAA
1
 

High SEM
2
 

P-value 

 
Neg Ctrl 

vs. N-

added diets 

Ammonia 

vs. 

NEAA 
EAA, % n = 7 n = 8 n = 8 

Carcass + viscera 

Arg 78.2 150.1 151.1 12.1 <0.001 0.950 

Cys 28.1 57.2 53.9 4.9 <0.001 0.616 

His 42.0 89.9 76.4 8.1 <0.001 0.224 

Ile 32.6 68.1 62.2 6.3 <0.001 0.487 

Leu 28.9 60.3 55.2 5.3 <0.001 0.480 

Lys 29.4 64.4 59.4 5.9 <0.001 0.524 

Met 31.0 66.6 62.5 6.5 <0.001 0.633 

Met + Cys 29.9 63.2 59.4 5.8 <0.001 0.624 

Phe 25.3 54.8 55.5 4.7 <0.001 0.914 

Thr 32.9 64.7 58.7 5.7 <0.001 0.438 

Val 34.1 67.7 62.1 5.8 <0.001 0.474 
1
EAA, essential amino acids; N, nitrogen; NEAA, non-essential amino acid. 

2
Standard error of the mean, n = 7 or 8 (1 pig) per treatment. 
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Table 4.8  Minimum whole body (carcass + viscera) de novo synthesis of NEAA in pigs 

fed diets deficient in NEAA-N and supplemented with ammonium citrate or 

crystalline NEAA 

 Cornstarch, 

Neg Ctrl 

Ammonia 

High 

NEAA
1
 

High SEM
2
 

P-value 

 

Neg Ctrl vs. 

N-added 

diets 

Ammonia 

vs. NEAA 
NEAA, g/d n = 7 n = 8 n = 8 

Carcass + viscera 

Ala 1.97 4.20 -2.54 0.43 0.038 <0.001 

Asx 1.03 4.38 -3.44 0.59 0.436 <0.001 

Glx -1.96 3.30 -5.11 0.94 0.359 <0.001 

Gly 4.58 6.85 0.55 0.88 0.416 <0.001 

Pro -0.86 0.91 -1.38 0.42 0.231 <0.001 

Ser -0.10 1.33 -1.88 0.26 0.596 <0.001 
1
N, nitrogen; NEAA, non-essential amino acid. 

2
Standard error of the mean, n = 7 or 8 (1 pig) per treatment. 
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CHAPTER 5  

DYNAMICS OF AMMONIA-NITROGEN ABSORPTION AND AMMONIA 

METABOLISM IN PORTAL DRAINED VISCERA AND LIVER OF PIGS FED A 

DIET DEFICIENT IN NON-ESSENTIAL AMINO ACID NITROGEN  

5.1. Abstract 

Inclusion of ammonia in low crude protein (CP) diets deficient in non-essential amino 

acids (NEAA) increases nitrogen (N) retention and body weight (BW) gain in growing pigs. The 

objective of the present study was to determine the dynamics of dietary ammonia-N absorption 

and metabolism across the portal-drained viscera (PDV) and liver of pigs fed a diet deficient in 

NEAA-N. Seven multi-catheterized (i.e. portal, mesenteric and hepatic veins, and carotid artery) 

pigs were restricted fed, every 8h, a diet deficient in NEAA-N supplemented with increasing 

levels of ammonia-N (CP = 7.76, 9.27, and 10.77%; EAA to total N ratio =  0.71, 0.59, and 0.50 

for Control, low- and high-ammonia diets, respectively). Pigs were randomly assigned to 

treatments for 7 d and treatment sequence was based on 2 complete and 1 incomplete 3 × 3 Latin 

square design. On the last day of each period, net balances (output minus input) of ammonia, 

urea, and amino acid (AA) across PDV and the liver were determined during the 8 h following a 

meal through consecutive blood sampling. Portal and hepatic vein blood flows were determined 

using a continuous infusion of ρ-amino hippuric acid (pAH) into the mesenteric vein. Ammonia-

N appearance in portal vein increased within 15 min after feed intake for ammonia supplemented 

diets (P < 0.05). The cumulative net balance (8h) of ammonia-N appearance in portal vein 

increased with ammonia intake (P < 0.05) and the increment over control represented 53% of 

ammonia intake (overall average for low- and high-ammonia; P > 0.10). Hepatic uptake of 

ammonia-N increased with ammonia-N intake (P < 0.05), and was almost equivalent to net 
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portal appearance of ammonia-N. However, urea-N appearance in the hepatic vein tended to 

increase for the high ammonia treatment (P < 0.10), and hepatic urea balance above control 

represented 15% of ammonia-N intake. The cumulative net balance (8h) of citrulline (Cit) and 

Pro increased with ammonia-N supplementation in PDV but decreased for Gln and Gly (P < 

0.05). The cumulative net balance of Ala, Asp, Glu and Gln increased with ammonia-N 

supplementation in the liver (P < 0.05). When combined, PDV + liver, the overall balance of 

Ala, Cit and Glu increased with ammonia-N supplementation (P < 0.05). Blood plasma 

concentration of AA increased for Cit but decreased for Gly, His, Ile, Leu, Lys, Phe, Ser, Thr, 

Trp and Val with ammonia-N supplementation (P < 0.05). In conclusion, dietary ammonia-N is 

rapidly absorbed and mainly utilized for synthesis of Ala, Cit and Glu in the splanchnic organs 

(PDV + liver) when added to a diet deficient in NEAA-N.  

Keywords: Ammonia, hepatic vein, liver, low protein diet, nitrogen requirement, non-

essential amino acids, pigs, portal vein. 

5.2. Introduction 

Proper supplementation of essential amino acids (EAA) in low crude protein (CP) diets 

can increase nitrogen (N) utilization efficiency and reduce N excretion to the environment while 

maintaining animal performance (Powell et al., 2011; Gloaguen et al., 2014; Peng et al., 2016). 

However, further reduction of dietary CP limits the dietary supply of non-essential amino acid 

(NEAA) increasing endogenous synthesis of NEAA (Gloaguen et al., 2014; Peng et al., 2016). 

Endogenous synthesis of NEAA requires N which may arise from catabolism of either EAA or 

NEAA, potentially limiting EAA availability for growth (i.e. protein deposition; Reeds, 2000; 
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Chapter 4). Under these conditions, non-protein-N (NPN) could be fed and used to support 

endogenous synthesis of NEAA while decreasing catabolism of EAA (Rose et al., 1949; 

Mansilla et al., 2015; Chapter 4). 

Among NPN sources, ammonia-N either absorbed from the small or large intestine appears 

to be the most efficient for increasing N retention and body weight (BW) gain of pigs when diets 

are deficient in NEAA-N (Rose et al., 1949; Mansilla, 2013). Although, ammonia-N has been 

shown to be an efficient N supplement when diets are limiting in NEAA-N, absorbed ammonia is 

considered the main N donor for urea synthesis in the liver under normal NEAA supply (Just et 

al., 1981; Krawielitzki et al., 1990; Darragh et al., 1994). Therefore, hepatic detoxification of 

absorbed ammonia to urea synthesis may reduce the efficiency of dietary ammonia for de novo 

synthesis of NEAA.  

For the present study, we hypothesized that ammonia-N when supplemented to a diet 

deficient in NEAA-N will rapidly be absorbed in the gastrointestinal tract and utilized for the 

synthesis of NEAA, including citrulline (Cit) and ornithine (Orn), in the splanchnic organs 

without increasing urea output. The objectives of the present study were to explore the dynamics 

of dietary ammonia-N absorption and to quantify the role of the portal-drained viscera (PDV) 

and liver in ammonia-N incorporation into amino acids (AA) of pigs fed a diet deficient in 

NEAA-N and supplemented with increasing levels of ammonia-N. 
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5.3. Methodology 

5.3.1. Animals, surgery and housing 

This experiment followed recommendations of the Canadian Council on Animal Care 

(2009) and was approved by the University of Guelph Animal Care Committee. In total, seven 

barrows (initial BW = 26.5 ± 1.4 kg; mean ± SD) from Arkell Swine Research station at the 

University of Guelph (Arkell, ON) were used. All pigs were fed a corn soybean meal-based diet 

(19% CP, Floradale feed mill, Floradale, ON) and handled daily for 1 wk to get them used to 

human contact. After 1 wk, pigs were surgically fitted with four 90-cm hydromer-coated 

polyurethane catheters (Access technologies, Skokie, IL). The carotid artery and mesenteric vein 

catheters were 2.4 mm and 1.5 mm for outside and inside diameter, respectively; and the portal 

and hepatic vein catheters were 1.7 mm and 1 mm, respectively. In addition, the portal vein 

catheter had two alternating side holes at 10 and 18 mm from the catheter tip (Hooda et al., 

2009), and the hepatic vein catheter had a silicone ring (diameter = 8.0 mm) around the tube at 8 

cm from the tip. 

Catheters in the carotid artery and portal and mesenteric veins were fitted through an 

abdominal incision according to Yen and Killefer (1987). The hepatic vein catheter was placed 

in the medial left lobe of the liver according to an unpublished protocol (University of Guelph, 

Animal Biosciences Department). Briefly, after palpation of the left medial lobe, a hepatic vein 

groove was located, and a small incision was made (~1.5 cm) on the diaphragmatic wall of the 

liver lobe (at ~6 cm from the tip of the lobe). The hepatic vein catheter was inserted into the 

hepatic vein until the silicone ring was inside the incision. Using a stainless steel, 5-cm long, 
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needle-like-end hypodermic tubing (outside diameter = 2.4 mm, inside diameter = 2.2 mm, self-

made), the other end of the catheter was passed through the liver at the incision site, exiting the 

liver by the visceral wall. The liver incision was closed using continuous sutures (3-0 vicryl; 

Ethicon, Somerville, NJ) to anchor the hepatic vein catheter ring inside the liver. Catheters in the 

abdominal cavity were exteriorized at the dorsal part of the lumbar zone, and the carotid artery 

catheter, at the dorsal caudal part of the neck. Finally, the abdominal incision was closed in three 

layers. 

After surgery, catheters were locked with heparinized saline (200 IU heparin/mL) and 

protected inside pockets (10 cm × 15 cm) attached to a jacket made of No. 7 Surgilast 

(Glenwood Laboratories Canada, Oakville, ON). Wound Clear Spray (Dominion Veterinary 

Laboratories, Winnipeg, MB) was applied to the sutures until they healed and on the exit site of 

catheters every 2 days to prevent infection. 

Pigs were housed in individual metabolic crates and fed increasing amounts of feed until 

they recovered normal feed intake (4-5 days). Meloxicam (0.4 mg/kg BW, Boehringer 

Ingelheim, ON) was administered orally with the feed for 3 consecutive days after surgery; 

metabolic crates were disinfected every other day with Quato 44 (Swish, ON) to prevent 

infection of the catheter sites. The study started 1 week after the last surgery and ended 3 weeks 

later. At the end of the experiment, all pigs were euthanized by lethal injection (0.3 mL/kg BW 

sodium pentobarbital; Schering Canada, QC) through the carotid catheter, and proper location of 

all catheters was confirmed during post-mortem. 
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5.3.2. Dietary treatments, sampling and sample analysis 

To avoid errors of multiple mixings, a purified basal diet (96% of treatment diets) was 

formulated to be deficient in NEAA-N (CP = 7.76 %; Table 5.1) but met requirements for all 

EAA (NRC, 2012). The ratio of EAA-N to total N (E:TN) was 0.71 and above the optimal 0.48 

(Heger et al., 1998). Titanium dioxide (Sigma-Aldrich operation, St Louis, MO) was included as 

an indigestible marker for determining nutrient digestibility and fecal N excretion. For the 

experimental diets, cornstarch (4%; Control) or two levels of ammonium citrate dibasic (2 or 4 

%; for low and high ammonia, respectively; Fisher Scientific, Ottawa, ON) plus cornstarch were 

added to the basal diet supplying 1.51 and 3.01% of extra CP and decreasing E:TN to 0.59 and 

0.50, respectively (Table 5.2). 

Pigs were restricted fed the experimental diets in mash form at 2.8 × maintenance energy 

requirements (191 kcal/kg of BW
0.60

; NRC, 2012) for metabolizable energy (ME) in 3 equal 

meals every 8 h. Each experimental period lasted 7d and the order of dietary treatments was 

based on 2 complete and 1 incomplete 3 × 3 Latin Squares. Water was supplied with every meal 

at a water to feed ratio of 3:1. At the end of each period, pigs were weighed before they were fed 

the next experimental diet. 

During the last 3 d of each experimental period, pigs were restrained in metabolic crates 

for collection of feed waste, urine and fecal samples. Urine was collected quantitatively in 

carboys containing 10 mL concentrated sulfuric acid (Fisher Scientific, Ottawa, ON) to maintain 

urine pH below 3. After each 24 h of successful collection, urine was weighed and a 5% 

subsample was taken. Urine subsamples were pooled per pig and per period and stored at 4°C 
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until analysis. Fresh fecal samples were collected daily and stored at -20 °C until the end of the 

experiment. Fecal samples were freeze dried after pooling per pig and period. Dry matter (DM) 

content was determined by weight difference before and after drying at 102 ± 2 ºC for 24 h. 

Titanium dioxide concentration in feces and in diets was analyzed according to Myers et al. 

(2004). Urine and fecal samples were analyzed for N content using total combustion (AOAC, 

1997) by Agri-Food Laboratories (Guelph, ON). Urine samples were diluted and neutralized 

using a 0.1 M phosphate buffered saline (pH = 6.5) before analysis of urea.  Urea-N 

concentration was calculated as the difference in ammonia-N concentration before and after 

urease reaction and using the indophenol method (McCullough, 1967). 

On the last day of each period and at least one hour before feeding the corresponding meal, 

pigs were infused with a bolus injection, through the mesenteric vein catheter, of 15 mL of a 

sterile saline solution of 1% ρ-amino hippuric acid (pAH, pH = 7.40; Sigma-Aldrich operation, 

St Louis, MO) prior to starting a continuous infusion of the same solution at a rate of 0.8 mL/min 

through the mesenteric vein catheter (Yen and Killefer, 1987). Blood samples were taken 

inmediately before feeding (time 0) and at 15, 30, 60, 90, 120, 180, 240, 300, 390 and 480 min 

after feeding. For each sampling time, 2 mL of blood were drawn and discarded before 5 mL of 

blood were slowly taken from each catheter in individual 5-mL syringes (BD, Mississauga, ON). 

Blood was rapidly transferred to sodium-heparinized tubes (BD, Mississauga, ON). Blood 

sample volume was replaced with heparinized saline (15 IU heparin/mL) to maintain total blood 

volume in the pigs. Heparinized blood tubes were centrifuged at 2500 × g for 10 min 

immediately after each blood sampling and plasma was harvested. For ammonia-N analysis, 250 

μL of plasma were reserved while the rest were frozen at -20 °C until further analysis. 
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Ammonia was analyzed using the indophenol method according to McCullough (1967). 

For this analysis, fresh plasma was deproteinized within 1 h of blood collection to avoid 

volatilization of ammonia, and the colorimetric reaction was performed within 24 h of 

deproteinization. Urea-N concentration in plasma was determined as the difference in ammonia-

N concentration in plasma before and after urease reaction (Chaney and Marbach, 1962). 

Concentration of pAH in plasma and infusates was analyzed according to Smith et al. (1945). To 

account for conjugated η-acetyl hippuric acid produced in the liver, samples were incubated in a 

water bath at 95°C for 65 min after mixing with trichloroacetic acid in a screw cap tube (Fisher 

Scientific, Ottawa, ON; Waugh and Beall, 1974). 

In all blood plasma samples, AA concentration was analyzed according to Llames and 

Fontaine (1994). During integration of UPLC curves, Glu and Cit peaks appeared together, and it 

was not possible to differentiate them. Therefore, Cit concentration was analyzed using a 

colorimetric reaction according to Boyde and Rahmatullah (1980). To avoid a confounding 

effect with urea in blood plasma, samples were treated with urease before Cit was determined 

(Chaney and Marbach, 1962). Citrulline concentration was then subtracted from the Glu + Cit 

concentration obtained previously to determine Glu concentration.  

5.3.3. Calculations 

Body weight gain was calculated as the difference between final and initial BW for each 

experimental period. Fecal digestibility and N excretion, as well as whole body N retention were 

calculated according to Zhu et al. (2005). 
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Blood plasma flows in the portal and hepatic veins were calculated as the ratio of pAH 

infusion rate (mg/min) and the difference in concentration of pAH (mg/mL) between venous and 

arterial plasma at each sampling time, respectively (Katz and Bergman, 1969). Plasma blood 

flow in the hepatic artery was calculated as the difference between hepatic and portal vein 

plasma blood flows.  

The input of specific metabolites (i.e. ammonia, urea or AA) to PDV was calculated by 

multiplying portal vein plasma flow by the metabolite concentration in arterial blood plasma at 

each sampling time. Similarly, the metabolite output of PDV was calculated as the product of the 

portal vein plasma blood flow by the metabolite concentration in the portal vein plasma at each 

sampling time. The liver input was calculated as the sum of inputs from portal and hepatic 

arterial plasma, and the liver output was calculated by multiplying metabolite concentration in 

the hepatic vein by hepatic vein plasma flow. Finally, the input or output of metabolites to the 

splanchnic tissues (PDV + liver) was calculated as the product of the hepatic vein blood plasma 

flow and the metabolite concentration in arterial or hepatic vein blood plasma, respectively, at 

each sampling time. 

Metabolite net balance across PDV, liver, and PDV + liver was calculated as the difference 

between output and input at individual sampling times, and the cumulative, 8-h net balance, was 

calculated as the area under the curve by trapezoidal Riemann approximation. A positive net 

balance value represents net appearance or release of the metabolite, and a negative value 

represents net disappearance or uptake of the metabolite by the corresponding organ. 
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Ammonia and urea-N net balances and the area under the curve based on plasma were 

corrected to whole blood values under the assumption that ammonia and urea-N concentrations 

in plasma water are equal to concentrations in whole blood water (Milano, 1997; Martineau at 

al., 2009). Corrections were done using the formula:  

𝐵𝑎𝑙𝑎𝑛𝑐𝑒𝑤ℎ𝑜𝑙𝑒 𝑏𝑙𝑜𝑜𝑑 =
𝐵𝑎𝑙𝑎𝑛𝑐𝑒𝑝𝑙𝑎𝑠𝑚𝑎

(1 − ℎ𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡)
 𝑥 

(1 − 𝐷𝑀𝑏𝑙𝑜𝑜𝑑)

(1 − 𝐷𝑀𝑝𝑙𝑎𝑠𝑚𝑎)
 

Values of blood hematocrit and DM content of plasma and whole blood were taken from 

blood samples of pigs of similar BW and fed similar diets (unpublished data; hematocrit = 0.419 

± 0.022; DMplasma = 0.066 ± 0.004; DMwhole blood = 0.186 ± 0.01, overall mean ± SD, respectively; 

n = 39). Amino acid net balances were calculated using plasma flows under the assumption that 

AA transfers across these tissues occur through plasma and AA are not transported into red 

blood cells (Milano, 1997; Martineau et al., 2009). For each essential AA (EAA), the recovery in 

portal vein blood was calculated as the ratio between the area under the balance curve and 

standardized ileal digestible (SID) EAA consumption × 100%. For ease of comparison and to 

calculate total N recovery, AA concentrations were transformed to AA-N basis, multiplying the 

proportion of N by the molecular weight of the AA and its concentration. 

5.3.4. Statistical analysis 

Nitrogen balance and cumulative net balance data were analyzed using PROC MIXED of 

SAS (v. 9.4; SAS Institute Inc., Cary, NC). Differences among least square means were assessed 

using the Tukey test, and linear regression analysis was performed to relate the different 

responses against level of ammonia in the diet. In these analyses, treatment and period were 
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included as fixed effects while pig was considered a random variable. For ammonia-N net 

balances across different organs and ammonia-N concentration in plasma over time, contrast 

analyses were performed using PROC MIXED of SAS to compare the different values vs. time 0 

within the same treatment; time was used as a repeated variable and subject was individual pig. 

For all analyses, individual pigs in specific periods were considered the experimental unit. 

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

5.4. Results 

All pigs recovered well after surgery, and feed intake was normal within 5 d post-surgery. 

Throughout the experiment, pigs consumed all of their meal within 15 min of feeding. One 

observation from the N balance study in the low-ammonia treatment is missing because of 

improper urine collection. The portal vein catheter became displaced in another pig and could 

not be used for blood sampling; but the pig was kept for the N balance study. Infusion of pAH 

was discontinued for one pig in the low-ammonia diet, samples from this pig were only used for 

ammonia, urea and AA-N concentration in blood plasma. During post mortem, it was found that 

one hepatic vein catheter was misplaced in a portal vein branch. Data from this pig were used 

only for PDV balance; hepatic balance calculations could not be performed. 

5.4.1. Nitrogen Balance 

As intended, N intake increased linearly (P < 0.01; Table 5.3) with dietary 

supplementation of ammonia-N. Fecal N excretion remained similar (P > 0.10) for all treatments 

and apparent fecal digestibility of N increased linearly (P < 0.05) with dietary ammonia 

supplementation. Urinary N excretion tended to increase linearly (P = 0.066) with ammonia 
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levels in the diet. Whole body N retention and BW gain increased linearly (P < 0.05) with 

ammonia-N supplementation. The efficiency of total dietary N retention was not different (P > 

0.10) between treatments, but the marginal efficiency of retention of added ammonia-N tended to 

be higher (P = 0.066) for low compared to high ammonia supplementation. Urinary urea-N 

excretion (g/d) and urinary urea-N excretion relative to total urinary-N excretion (%) increased 

linearly (P < 0.01) with dietary ammonia-N supplementation. 

5.4.2. Absorption and metabolism of ammonia and urea-N 

Net appearance of ammonia-N in the portal vein increased (P < 0.05) 30 min after feeding 

and returned (P > 0.10) to baseline levels 3 h post-feeding in control (Figure 5.1). For ammonia-

supplemented diets, ammonia-N appearance in the portal vein increased rapidly (P < 0.05) and 

peaked within 15 min after feeding; it remained higher (P < 0.05) than time 0 levels until 5 h 

after feeding. Over the entire 8 h, net ammonia-N release by PDV increased linearly (P < 0.01) 

with ammonia-N supplementation (Table 5.4). Increments of total net ammonia-N appearance in 

portal vein over control represented 50.0 and 56.3% of ammonia-N intake for low and high 

ammonia, respectively, and were not different (P > 0.10) between levels of ammonia 

supplementation. 

Net uptake of ammonia-N by the liver was not different (P > 0.10) after feeding and during 

the 8 h of blood sampling for control pigs (Figure 5.2). Uptake of ammonia-N by the liver 

increased (P < 0.05) on low- and high-ammonia diets within 15 min after feeding compared to 

time 0, and remained high (P < 0.05) until 6.5 and 6 h for low- and high-ammonia, respectively. 

Total ammonia-N uptake by the liver over 8 h increased linearly (P < 0.01) with ammonia 
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supplementation of the diet (Table 5.4). Increments of total net ammonia-N hepatic uptake over 

the control represented 45.7 and 51.7% of ammonia-N intake for low and high ammonia, 

respectively, and were not different (P > 0.10) between levels of ammonia supplementation. 

Net splanchnic appearance of ammonia-N in the hepatic vein, accounting for PDV + liver, 

decreased (P < 0.05) 15 min after feeding for control (Figure 5.3), but returned to levels similar 

(P > 0.10) to time 0 thereafter. For low- and high-ammonia treatments, net splanchnic 

appearance of ammonia-N increased (P < 0.05) after 15 min of feed intake and returned to basal 

levels (P < 0.10) at 60 and 90 min, respectively. Above control and over 8 h of blood sampling, 

total ammonia-N appearance in the hepatic vein post splanchnic organs (PDV and liver) 

represented 7.1 and 4.5% of ammonia-N intake, respectively, and were not different (P > 0.10) 

between levels of ammonia supplementation. 

Ammonia-N concentration in arterial plasma decreased (P < 0.05) at 30 and 60 min after 

feeding for control, but increased (P < 0.05) on low- and high-ammonia diets after 15 min of 

feed intake (Figure 5.4). With low ammonia in the diet, arterial ammonia-N concentration 

returned to basal (P > 0.10) levels at 60 min after feeding. With high ammonia in the diet, 

ammonia-N concentration remained high (P < 0.05) compared to time 0 until 6 h after feeding. 

Ammonia-N concentration in arterial plasma at time 0 was not different between treatments 

(0.486, 0.597 and 0.465 ± 0.045 ug/mL; mean ± SEM for control, low- and high- ammonia diets, 

respectively; P > 0.10). 

Net urea-N appearance in the portal vein over time was not different (P > 0.10) from basal 

(time 0) levels for control, low or high ammonia. Cumulative net appearance of urea-N in the 
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portal vein over 8 h was not different (P > 0.10) between treatments (Table 5.4). Cumulative 

urea-N release by the liver tended to increase (P = 0.057) only for the high-ammonia treatment. 

Additional urea-N appearance in the hepatic vein over control accounted for -0.4 and 15.0% of 

ammonia-N intake on low- and high-ammonia treatments, respectively and was not different (P 

> 0.10) between them. Similarly, across splanchnic organs, urea-N appearance in the hepatic 

vein tended to increase (P = 0.099) only at the highest level of ammonia supplementation. Urea-

N concentration in arterial plasma at time 0 increased only for high ammonia (11.1, 13.3 and 

20.7 ± 1.4 ug/mL; mean ± SEM for control, low and high ammonia, respectively; P < 0.05). 

The net cumulative AA balance across the PDV increased linearly (P < 0.05) with 

ammonia-N supplementation for Pro but decreased for Gln and Gly (Table 5.5). The quadratic 

regression was significant (P < 0.05) for Cit with ammonia supplementation. Cumulative 

balances of the other NEAA were all positive and were not affected (P > 0.10) by diet. 

Cumulative appearance of total NEAA in portal vein decreased linearly and quadratically (P < 

0.05) with ammonia-N supplementation and was mainly driven by the response of Gln. The total 

EAA balance across PDV was not affected (P > 0.10) by increasing levels of ammonia-N in the 

diet.  

Across the liver, net removal of Ala decreased (P < 0.05) whereas net release of Glu and 

Gln increased linearly (P < 0.05) with dietary ammonia-N supplementation (Table 5.6). Driven 

by Gln and Glu response, the net appearance of total NEAA-N in the hepatic vein tended to 

increase linearly (P < 0.10) with ammonia-N supplementation. Dietary ammonia-N did not affect 

(P > 0.10) net hepatic removal of individual and total EAA. 
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The net cumulative appearance of Ala and Glu in the hepatic vein, accounting for PDV + 

liver, increased linearly (P < 0.05) with ammonia-N supplementation (Table 5.7) and increased 

quadratically (P < 0.05) for Cit. The cumulative balances of total NEAA, individual EAA and 

total EAA were not affected (P > 0.10) by dietary ammonia-N in the splanchnic organs.  

The net total portal appearance of N (mg/meal) as the sum of ammonia, urea and total AA-

N was not different (P > 0.10) between treatments, but relative (%) to the amount of N digested, 

it tended to decrease (P < 0.10) by high ammonia feeding (Table 5.8). The net splanchnic 

appearance of nitrogenous compounds as an absolute rate (mg/meal) or relative to N digested 

were not different (P > 0.10) with ammonia supplementation. Total N appearance across PDV 

was not different (P > 0.10) compared to total N appearance across splanchnic organs (PDV + 

liver) among dietary treatments. 

Concentration of Gln in arterial blood plasma before feeding (i.e. time = 0) increased 

linearly (P < 0.05) and tended to increase linearly (P < 0.10) for Cit with ammonia-N 

supplementation; concentrations of Gly and Ser decreased linearly (P < 0.05; Table 5.9). Among 

EAA, concentration of His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val decreased linearly (P < 

0.05) with ammonia-N supplementation. The cumulative PDV appearance of EAA relative to 

SID EAA intake was the highest for Arg (above 100%) and the lowest for Cys and Tyr but they 

were not different (P > 0.10) between treatments (Table 5.10). 

5.5. Discussion 

The present study was conducted to explore the dynamics of dietary ammonia-N 

absorption and to determine the effect of supplementing dietary ammonia-N on metabolism of 
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AA across the PDV and the liver of pigs fed a diet deficient in NEAA-N. For this study, pigs 

were surgically fitted with 4 catheters. After 7d adaptation to the diet and during 8 h post 

feeding, net balances of ammonia, urea, and AA across PDV and liver were calculated. 

In the present study, diet supplementation with ammonia-N did not increase fecal N 

excretion compared to control, indicating that ammonia-N added in the form of ammonium 

citrate was completely absorbed by the intestinal mucosa. Moreover, BW gain and N retention 

increased linearly with ammonia-N in the diet, implying that dietary ammonia-N was used for 

protein synthesis, most likely through endogenous synthesis of NEAA. Research has shown that 

ammonia-N is more efficient than other NPN sources for increasing BW gain and N retention 

when diets are deficient in NEAA-N (Rose et al., 1949, Chapter 3). In the gastrointestinal tract, 

ammonia is a product of AA or recycled urea fermentation and is absorbed by the intestinal 

mucosa (small and large intestine; Wrong et al., 1985; Libao-Mercado et al., 2009; Columbus et 

al., 2015). Absorbed ammonia-N could be used for NEAA or urea synthesis depending on the 

availability of NEAA (Columbus et al., 2014; Mansilla et al., 2015). 

Net ammonia-N appearance in the portal vein blood increased rapidly for ammonia 

supplemented diets. The peak of absorption, at the high level of ammonia-N supplementation, 

was within the first sampling after feeding (time = 15 min) resulting in potential underestimation 

of the true peak in ammonia-N absorption and decreasing ammonia-N recovery in the portal 

vein. The rapid peak or ammonia-N absorption may imply that ammonia-N is absorbed in the 

stomach. At the low gastric pH, ammonia is mainly present as NH4
+
 (> 99%) and absorption of 

NH4
+
 may represent the majority of total ammonia absorption (NH3 + NH4

+
; Vaddella et al., 

2011). Free ammonia (NH3) can diffuse through the cell membrane and be absorbed without 
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energy expenditure; however, NH4
+ 

absorption requires usage of active ionic transporters 

increasing energy expenditure in the gastrointestinal mucosa (Mossber and Ross, 1967; Abdoun 

et al., 2006). Assuming 100% dietary ammonia-N digestibility, low and high ammonia-N fed 

pigs should have absorbed 1096 and 2112 mg of ammonia-N per meal (8 h), but only 525 and 

1196 mg of ammonia-N were recovered in the portal vein over control. This represents 50.0 and 

56.3% of total dietary ammonia-N intake; the low recovery of ammonia in the portal vein could 

be in part attributed to the rapid ammonia absorption immediately after feeding (<15 min). Urea 

appearance in the portal vein blood did not increase with ammonia-N supply implying that the 

intestinal tissues were using ammonia-N for the synthesis of nitrogenous metabolites other than 

urea, such as NEAA. The positive cumulative urea balances across PDV may indicate net release 

of urea into the portal vein. However, urea in plasma was analyzed as the difference between 

ammonia before and after urease reaction, and the higher values of ammonia-N in addition to the 

low urea-N concentration in the portal vein blood could have compromise accuracy in porto-

arterial differences. Thus, interpretation of individual values should be done cautiously, 

especially for urea-N balances across PDV. 

In the present study, pigs consumed a purified diet supplemented with EAA according to 

NRC (2012), but only Glu was included as a source of NEAA-N. The net appearance of other 

NEAA in the portal vein, therefore, represents either break down of PDV proteins, absorption of 

microbially produced AA in the small intestine, or de novo synthesis by PDV using available 

dietary ammonia-N or N from AA catabolism (Heger, 2003; Columbus et al., 2014). The 

negative balance values for Gln indicate that Gln was utilized by the PDV in agreement with 

previous studies (Windmueller and Spaeth, 1980). Glutamine utilization increased with 
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ammonia-N level in the diet. This higher utilization could be explained by the higher energy 

demand for NH4
+
 absorption. Products of Gln utilization in the small intestine are mainly Arg, 

Cit and Pro (Wu et al., 1994; Neis et al., 2017). The increment in Cit and Pro appearance in the 

portal vein are in agreement with higher Gln utilization. However, Cit and Pro only represented 

25 and 4%, respectively, of the additional Gln-N uptake at the highest level of ammonia-N 

supplementation. There was a net production of Arg by PDV (i.e. appearance in portal vein was 

higher than consumption; 133% of Arg intake), which is in agreement with results reported by 

Wu et al. (1994), but it did not correlate with uptake of Gln by the PDV. Ammonia in the portal 

vein is also an end-product of Gln utilization by the small intestine, but the low recovery of 

ammonia-N across PDV relative to ammonia-N intake indicates that there is significant portion 

of ammonia from the diet and from Gln utilization that is unaccounted in the PDV calculations. 

It appears that metabolism of EAA in PDV is independent of the N content of the diet as 

the overall balance and relative appearance of EAA (i.e. compared to SID EAA intake) was not 

affected by ammonia-N supplementation. This may be partly due to the fact that all EAA were 

balanced to be adequate in the diets. On average, 65% of SID EAA-N was recovered in portal 

vein blood, suggesting that dietary EAA were substantially catabolized by PDV in agreement 

with reported literature (Stoll et al., 1998; Bos et al., 2003).  

There was an increased net uptake of ammonia-N by the liver of pigs fed ammonia-

supplemented diets. Indeed, liver ammonia uptake accounted for almost all appearance of 

ammonia in the portal vein. However, urea release tended to increase only at the highest 

inclusion level of ammonia-N post liver metabolism. Across splanchnic organs, net urea output 

did not increase with low-ammonia diet but tended to increase with the high ammonia treatment. 
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The latter is in agreement with higher in urinary urea-N excretion and urea-N plasma 

concentration only in the high-ammonia diet. Thus, different levels of ammonia-N 

supplementation can modify ammonia-N utilization in the liver. Ammonia from the portal vein is 

considered the main N donor for urea synthesis in the liver. However, urea-N utilization 

efficiency for increasing N retention is low (Columbus et al., 2015). Therefore, utilization of 

ammonia-N for urea synthesis results in a lower marginal efficiency of retention of added 

ammonia (Table 5.3). The increment in hepatic urea-N release over control could be explained in 

three different ways. i) Compared to similar experiments where there was no response in urea 

plasma concentration (Mansilla et al., 2015), in the present experiment, the E:TN, at the highest 

level of ammonia supplementation, was 0.50 and much closer to the optimum of 0.48 (Heger et 

al., 1998) compared to previous experiments (0.55; Chapter 3). The difference between the 

actual and the optimum ratio represented only 0.42% CP below the optimum total N content. 

This marginal dietary N content in the diet compared to the estimated requirement could explain 

the increment in urea synthesis as most biological responses show diminishing returns when 

close to the optimum (Robbins et al., 2006). ii) In the current study, the only NEAA provided in 

the diet was Glu; therefore, any limiting endogenous synthesis of other NEAA may have 

compromised the utilization of ammonia-N to support increased protein synthesis and therefore 

increased urea production. It has been suggested that minimum dietary inclusion levels of NEAA 

for monogastrics should be considered during feed formulation to ensure optimum utilization of 

N and EAA (Wu et al., 2013; Wu, 2014; Hou et al. 2015). The latter is in agreement with 

increments in BW gain when specific NEAA are included in low CP diets (Powell et al., 2011; 

Ospina-Rojas et al., 2013). iii) High concentrations of ammonia in the portal vein stimulate urea 



 

 

   92 

 

synthesis in periportal hepatocytes (Haüssinger, 1990; Meijer et al., 1990). Moreover, hepatic 

periportal glutaminase is activated by its product (ammonia) further increasing ammonia 

concentration for urea synthesis (Haüssinger, 1990). Therefore, utilization of ammonia-N for 

urea synthesis as a mere consequence of high ammonia concentrations in the portal vein suggests 

a limit on dietary ammonia-N utilization efficiency for NEAA synthesis even when dietary 

supply of NEAA is low. 

In the liver, the net release of Ala, Asp, Glu and Gln increased with ammonia-N 

supplementation, reflecting utilization of ammonia from the portal vein for NEAA synthesis. The 

increment in release of Ala, Asp, Glu plus Gln above control represented 170 and 103% of the 

hepatic ammonia-N uptake for low and high treatments, respectively. When compared to 

ammonia-N intake, this increment in release of Ala, Asp, Glu plus Gln above control represents 

69 and 52% (Table 5.11) on low and high treatments, respectively, closely matching the portion 

of dietary ammonia-N released into the portal vein. Alanine produced in the digestive tract is 

typically almost 100% used by the liver for glucose synthesis (Rémésy and Demigné, 1982; 

1983). The reduction in Ala utilization by the liver when ammonia-N was fed indicates that 

glucose synthesis from Ala was lessened. There was a small increment in Asp output by the 

liver, but Glu and Gln were the main products of additional ammonia-N uptake by the liver. 

Considering the 2 N atoms of Gln, and that synthesis of Gln requires Glu as a precursor, net 

outputs above control of 440 and 410 mg N for Glu and Gln, respectively (Table 6.2) at the 

highest level of ammonia supplementation mean that net Glu output was approximately three 

times faster than net Gln output by the liver in a molar basis. Glutamate dehydrogenase (GDH) 

is the enzyme responsible for incorporating ammonia-N into α-ketoglutarate, producing Glu. 
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Previous studies have reported that GDH activity towards Glu synthesis is enhanced by low 

concentrations of Glu, high concentrations of α-ketoglutarate and high ammonia concentrations 

(McGivan and Chappel, 1975; Hudson and Daniel, 1993; Spanaki and Plaitakis, 2012). 

Moreover, the maximal velocity of GDH in the liver has been reported to be stimulated by 

ammonia-N intake in pigs fed diets deficient in NEAA-N (Mansilla et al, 2015; Chapter 3). 

Glutamine synthesis from Glu + ammonia is carried out by hepatic perivenous Gln synthetase 

(Gln-S). Glutamine synthetase represents a highly efficient ammonia scavenging pathway that 

acts to reduce the amount of ammonia output to the systemic circulation (Taylor, 2004). Thus, it 

is possible that during NEAA deficiency, ammonia-N was used primarily for Glu synthesis, and 

ammonia not captured by this pathway was incorporated into Gln in perivenous hepatocytes. 

Overall, when accounting for PDV + liver metabolism, Ala, Cit and Glu were the main 

products of N recovery when ammonia-N was added to the diet, accounting for 66.9 and 39.4% 

of ammonia-N intake for low- and high-ammonia diets, respectively. The lower recovery in 

NEAA at the higher level of ammonia supplementation is in agreement with the increment in 

urea production on that diet (15% of ammonia-N intake; Table 5.11). 

In the present study, the arterial blood plasma ammonia-N concentration increased after 

feed intake (Figure 5.4) suggesting that ammonia-N uptake by PDV + liver was at maximum 

capacity during the first hour post-feeding (Figure 5.3). High levels of ammonia in systemic 

circulation are toxic. In patients with liver failure, chronic ammonia-N concentrations associated 

with brain damage are reported to be 2.1 μg/mL (Olde Damink et al., 2002). In the present 

experiment, arterial ammonia-N concentrations peaked 15 min post-feeding at 0.95 and 1.41 

μg/mL on low- and high-ammonia treatments, respectively. Moreover, ammonia-N in plasma 
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was not different between treatments at time of feeding or 6 h post-feeding. Therefore, in the 

present study, ammonia-N was cleared from the systemic circulation without posing a risk of 

toxicity.  

The decrease in the concentration of most EAA in blood plasma may represent a higher 

cellular uptake of EAA from the blood pool for protein synthesis. This hypothesis is in 

agreement with increments in whole body N retention and BW gain in pigs fed similar diets 

(Rose et al., 1949; Mansilla et al., 2015; Chapter 4; Table 5.3). The increment in blood plasma 

Gln and Cit concentrations is in agreement with the higher output of these AA by the liver. 

However, the decrease in Gly and Ser concentrations is not well understood in the present study. 

Studies have suggested that endogenous synthesis of Gly could limit growth in pigs and chickens 

fed low protein diets (Powell et al., 2011; Ospina-Rojas et al., 2013). Therefore, with higher 

supply of NEAA from the liver (i.e. endogenous synthesis of NEAA using ammonia-N), Ser, and 

subsequently Gly, could be used for protein synthesis reducing the AA blood pool. In addition to 

Gly synthesis from Ser, catabolism of Thr in the pancreas and liver produces Gly (Bird et al., 

1984; Ballevre et al., 1990). Thus, it is possible that the decrease in excess Thr with higher 

ammonia-N supplementation reduced Gly synthesis from Thr catabolism, which accounts for the 

decrease in Gly and Ser release in PDV. 

The overall total net N recovery in the portal vein as a percentage of digestible N intake 

tended to decrease with ammonia supplementation. Ammonia, urea and AA are the main 

contributors to total N in the portal vein (Martineau et al., 2011). However, formation of 

peptides, purines, creatine and other nitrogenous metabolites (e.g. other non-protein AA) not 

analyzed in this study could reduce total N recovery in portal vein. Recycling of N into the 
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gastrointestinal lumen can also affect total N recovery in the portal vein (Fuller and Reeds, 

1998). Nitrogen recycled into the gastrointestinal tract can be used for microbial protein 

synthesis that may not be re-absorbed (Fuller and Reeds, 1998). For urea, the absolute amount 

(g/d) recycled decreases with lower crude protein (CP) content in the diet representing minimal 

losses for N recovery in the portal vein in this study (Harmeyer, 1980; Mansilla et al., 2015). 

Ammonia can also be recycled in the intestinal lumen, but it rapidly disappears (absorbed or 

utilized) in the intestinal lumen making its quantification difficult (Columbus et al., 2015). When 

accounting for PDV + liver, the total N recovery was not different between treatments. This 

discrepancy between PDV alone and PDV + liver can be attributed to the smaller number of 

observations for hepatic calculations, the variability associated with estimating hepatic arterial 

blood flow as the difference between hepatic and portal vein blood flows, and the variability 

associated with the difference in concentrations of metabolites in arterial and venous blood. 

In conclusion, ammonia is an efficient dietary source of N for body protein retention and 

synthesis of NEAA when diets deficient in NEAA-N are fed to pigs. Dietary ammonia-N is 

rapidly absorbed, but its recovery as ammonia-N in the portal vein is incomplete implying 

ammonia-N utilization in the PDV. However, there was a significant amount of N not accounted 

across the PDV in the present study. In the liver, ammonia-N was used for Ala, Asp, Glu and Gln 

synthesis. Only at the highest level of ammonia supplementation, ammonia-N was partially used 

for urea production suggesting that ammonia-N utilization for urea synthesis is dependent on the 

level of ammonia supplementation. Overall, dietary ammonia-N end-products are Ala, Cit and 

Glu after PDV + liver metabolism. Ammonia-N uptake capacity of the splanchnic tissues (PDV 

+ liver) was exceeded during the first hour after feeding as indicated by increased arterial 
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ammonia-N concentration. Further understanding of utilization efficiency of dietary ammonia-N 

and maximum endogenous synthesis rates of NEAA are required for determining requirements 

for NEAA and N in non-ruminants animals and humans. 
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Table 5.1 Ingredient composition of basal diet deficient in NEAA-N
1
 

Ingredient, % Basal diet 

Corn-starch
2-3

 64.1 

Cellulose
3
 3.0 

Pectin
3
 3.0 

Sucrose
3
 8.0 

Soya oil 4.0 

Lys.HCl 1.13 

DL-Met 0.258 

L-Cys.HCl 0.357 

L-Thr 0.515 

L-Trp 0.155 

L-Ile 0.472 

L-Val 0.584 

L-Leu 0.910 

L-His 0.309 

L-Arg 0.433 

L-Phe 0.541 

L-Tyr 0.309 

L-Glu 3.435 

Limestone 1.20 

Salt 0.40 

Monocalcium phosphate 1.37 

Magnesium sulfate 0.16 

Potassium sulfate 0.54 

Swine vitamin and mineral premix
4
 0.60 

Titanium dioxide 0.20 

TOTAL 96.0 
1
N: nitrogen, NEAA: non-essential amino acid. 

2
Diet composition is expressed in as-is basis.

 

3
Cornstarch (Tate & Lyle ingredients Americas, Inc., Decatur, IL), Cellulose (cellulose powder BH65 FCC; 

Cambrian Chemicals, Inc., Oakville, ON), Pectin (Pectin powder CPK240A; L.V. Lomas Limited, Brampton, 

ON), Sucrose (sugar, Lantic, Inc., Montreal, QC).  
4
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).  
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Table 5.2  Calculated and analyzed energy (kcal/kg) and nutrient content (%) of 

experimental diets deficient in NEAA-N and supplemented with increasing 

levels of ammonium citrate 

 
Calculated

2,3
 

 
Analyzed 

 
 

Control 
Low 

Ammonia 

High 

Ammonia 

ME
1
 3550     

NE 2665     

CP 
 

 8.29 

(7.76)
2,4

 

9.98 

(9.27) 

11.67 

(10.77) 

Calcium 0.66  0.64 0.52 0.68 

Total Phosphorus 0.29  0.25 0.20 0.26 

STTD Phosphorus 0.26     

Sodium 0.16  0.20 0.18 0.20 

Magnesium 0.04  0.03 0.02 0.04 

Potassium 0.23  0.25 0.25 0.25 

SID Lys 0.893     

Total Lys 0.893  0.702 1.148 1.146 

Total Arg 0.428  0.417 0.384 0.414 

Total His 0.306  0.296 0.320 0.303 

Total Ile 0.468  0.460 0.466 0.473 

Total Leu 0.901  0.940 1.015 0.973 

Total Met 0.255  0.232 0.227 0.191 

Total Met + Cys 0.502  0.466 0.434 0.555 

Total Phe 0.536  0.525 0.548 0.550 

Total Phe + Tyr 0.842     

Total Thr 0.510  0.490 0.521 0.517 

Total Trp 0.153     

Total Val 0.578  0.593 0.644 0.564 

Total Ala 0  0.026 0.026 0.026 

Total Asp 0  0.033 0.031 0.036 

Total Glu 3.401  3.378 3.486 3.363 

Total Gly 0  0.016 0.016 0.015 

Total Pro 0  0.032 0.031 0.038 

Total Ser 0  0.017 0.016 0.016 
1
CP: crude protein, ME: metabolize energy, N: nitrogen, NE: net energy, NEAA: non-essential amino acid, 

SID: standardized ileal digestible, STTD: standardized total tract digestible. 
2
Calculated using ingredient values according to NRC (2012). 

3
Calculated nutrient content for all experimental diets. 

4
Calculated nutrient contents that are specific to individual experimental diets are presented in brackets.  
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Table 5.3  Body weight gain, feed intake and whole body N retention in pigs fed a diet 

deficient in NEAA-N and supplemented with increasing levels of ammonium 

citrate 

 

Control 
Low 

Ammonia 

High 

Ammonia 
SEM

1
 

P-value 

 

n = 7 n = 6 n = 7 
Main 

effect 

Linear 

regression
2
 

Quadratic 

regression
2
 

BW gain
3
, g/d 439

b
 519

ab
 552

a
 26 0.034 0.013 0.489 

DM intake, g/d 1085
ab

 1084
b
 1087

a
 0.78 0.006 0.028 0.008 

N intake, g/d 15.7
c
 18.9

b
 22.0

a
 0.1 <0.001 <0.001 0.711 

Apparent DM digestibility, 

% 
96.2

a
 95.2

b
 95.2

b
 0.2 0.003 0.002 0.052 

Apparent N digestibility, % 94.3
b
 94.8

ab
 95.8

a
 0.4 0.024 0.009 0.562 

Fecal N excretion, g/d 0.88 0.98 0.92 0.07 0.541 0.640 0.323 

Urinary N excretion, g/d 3.20 3.07 4.55 0.50 0.094 0.066 0.212 

Whole body N retention, g/d 11.7
b
 14.9

a
 16.6

a
 0.5 <0.001 <0.001 0.273 

Digestible N efficiency, % 78.8 82.9 78.4 2.9 0.484 0.908 0.246 

Marginal N efficiency
4
, % -- 106.0 75.5 9.6 0.066 -- -- 

Urinary urea-N excretion, 

g/d 
0.321

b
 0.707

b
 1.560

a
 0.182 <0.001 <0.001 0.208 

Urinary urea-N excretion, % 

of N excreted in urine 
12.9

c
 22.4

b
 33.1

a
 3.4 <0.001 <0.001 0.729 

a,b,c
 Values in the same row followed by different superscripts differ significantly (P < 0.05). 

1
Standard error of the mean, n = 5 or 6 per treatment.

 

2
Regression of the different responses relative to the amount of ammonia-N in the diet. 

3
BW: body weight, DM: dry matter, N: nitrogen, NEAA: non-essential amino acid. 

4
Calculated as: (increment in whole body N retention over control / increment in digestible N intake over 

control) × 100. 
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Table 5.4  Net cumulative 8-h PDV and liver balances of ammonia and urea-N in pigs fed 

diets deficient in NEAA-N and supplemented with increasing levels of 

ammonium citrate 

 

 

Control 
Low 

Ammonia 

High 

Ammonia 
SEM

1
 

P-value 

 

 
n = 6 n = 5 n = 6 

Main 

effect 

Linear 

regression
2
 

Quadratic 

regression
2
 

Ammonia-N intake
3
, mg/meal 0

c
 1096

b
 2112

a
 27 <0.001 <0.001 0.268 

Organ Metabolite balance        

PDV 

Ammonia-N, mg/meal 433
c
 958

b
 1629

a
 60 <0.001 <0.001 0.342 

Marginal ammonia-N, % 

of ammonia-N intake
4
 

-- 50.0 56.3 4.2 0.393 -- -- 

Urea-N, mg/meal 73.4 197.2 7.6 77.7 0.133 0.428 0.064 

Margianl urea-N, % of 

ammonia-N intake
4
 

-- 9.5 -4.0 4.3 0.125 -- -- 

Liver 

Ammonia-N, mg/meal -504
a
 -975

b
 -1574

c
 49 <0.001 <0.001 0.336 

Marginal ammonia-N, % 

ammonia-N intake
4
 

-- -45.7 -51.7 3.3 0.401 -- -- 

Urea-N, mg/meal -183 -185 210 107 0.057 0.044 0.188 

Margianl urea-N, % 

ammonia-N intake
4
 

-- -0.4 15.0 7.4 0.232 -- -- 

PDV + 

Liver 

Ammonia-N, mg/meal -29.4 13.3 46.0 26.1 0.205 0.089 0.896 

Marginal ammonia-N, % 

ammonia-N intake
4
 

 7.1 4.5 1.9 0.139   

Urea-N, mg/meal -92.5 -59.4 209.7 91.8 0.099 0.062 0.341 

Marginal urea-N, % 

ammonia-N intake
4
 

 -6.0 11.4 6.1 0.193   

a,b,c
 Values in the same row followed by different superscripts differ significantly (P < 0.05). 

1 
Standard error of the mean, n = 5 or 6 per treatment.

 

2 
Regression of the different responses relative to the amount of ammonia-N in the diet. 

3
N: nitrogen, NEAA, non-essential amino acid; PDV, portal-drained viscera. 

4
Calculated as: (increment in metabolite balance over control/ammonia-N intake) × 100%   
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Table 5.5  Net cumulative appearance over 8 h of plasma AA-N across the PDV of pigs 

fed diets deficient in NEAA-N and supplemented with increasing levels of 

ammonium citrate 

AA-N
1
, 

mg/meal 

Control 
Low 

Ammonia 

High 

Ammonia 
SEM

2
 

P-value 

n = 6 n = 5 n = 6 
Main  

effect   

Linear 

regression
3
 

Quadratic 

regression
3
 

Ala 601 719 652 43 0.144 0.343 0.084 

Asn 54
b
 74

a
 52

b
 6 0.002 0.725 <0.001 

Asp 45 45 37 5 0.349 0.227 0.419 

Cit 219
b
 378

a
 382

a
 26 <0.001 <0.001 0.003 

Glu 72 91 63 27 0.725 0.791 0.462 

Gln -541
a
 -910

b
 -1179

c
 104 <0.001 <0.001 0.592 

Gly 172
y
 130

yz
 61

z
 31 0.086 0.033 0.735 

Orn 101 116 81 19 0.452 0.451 0.314 

Pro 112
z
 123

yz
 138

y
 11 0.086 0.033 0.813 

Ser 7.4 12.9 -4.5 8.2 0.329 0.298 0.275 

NEAA 839
a
 764

a
 283

b
 164 <0.001 <0.001 0.027 

       
 

Arg 651 726 678 74 0.655 0.737 0.411 

Cys 38 35 30 6 0.442 0.218 0.889 

His 304 317 270 41 0.659 0.521 0.526 

Ile 116 125 128 17 0.833 0.573 0.890 

Leu 234 247 251 34 0.906 0.681 0.912 

Lys 495 703 579 100 0.370 0.552 0.213 

Met 73 67 60 8 0.382 0.180 0.973 

Phe 159 138 122 24 0.535 0.282 0.934 

Thr 119 121 71 45 0.493 0.309 0.551 

Trp 88 66 40 22 0.315 0.142 0.931 

Tyr 82 76 58 16 0.516 0.281 0.754 

Val 173 181 178 29 0.972 0.888 0.856 

EAA 2532 2801 2463 285 0.518 0.813 0.276 
Values with different superscripts in the same row indicate main effect of the treatment (

abc
, P < 0.05; 

xyz
, P < 

0.10). 
1
AA: amino acid, Cit: citrulline, EAA: essential amino acid, N: nitrogen, NEAA: non-essential amino acid, 

PDV: portal-drained viscera, Orn: ornithine. 
2
Standard error of the mean, n = 5 or 6 per treatment. 

3
Regression of the different responses relative to the amount of ammonia-N in the diet. 
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Table 5.6  Net cumulative appearance over 8 h of plasma AA-N across the liver of pigs 

fed diets deficient in NEAA-N and supplemented with increasing levels of 

ammonium citrate 

AA-N
1
, 

mg/meal 

Control 
Low 

Ammonia 

High 

Ammonia 
SEM

2
 

P-value 

n = 5 n = 4 n = 5 
Main  

effect 

Linear 

regression
3
 

Quadratic 

regression
3
 

Ala -235
z
 -68

yz
 7

y
 65 0.074 0.030 0.548 

Asn -17 -17 -12 9 0.903 0.730 0.831 

Asp 8.0 14.2 18.5 4.1 0.271 0.123 0.863 

Cit 10.8 -20.1 -9.4 21 0.635 0.518 0.459 

Glu 952
z
 1298

yz
 1392

y
 146 0.095 0.041 0.420 

Gln 516
z
 833

yz
 926

y
 106 0.089 0.037 0.425 

Gly -31 -19 19 52 0.759 0.514 0.844 

Orn 19 14 12 16 0.899 0.660 0.967 

Pro -32 -9 -22 19 0.728 0.722 0.474 

Ser 9.5 13.1 30.4 17.2 0.632 0.410 0.754 

NEAA 1176 1974 2365 342 0.126 0.052 0.646 

       
 

Arg -104 -21 -40 128 0.902 0.731 0.758 

Cys -12.4 -5.2 -6.5 4.8 0.600 0.421 0.508 

His -125 -92 -78 41 0.723 0.446 0.852 

Ile -4.9 5.0 -9.4 13 0.700 0.806 0.462 

Leu -4.3 18.3 -19.6 23 0.445 0.612 0.285 

Lys -104 -5 20 94 0.605 0.349 0.745 

Met -41 -24 -20 10 0.372 0.187 0.647 

Phe -124 -78 -67 17 0.124 0.155 0.430 

Thr 87 -33 -65 84 0.461 0.243 0.684 

Trp -76 -23 -26 20 0.223 0.130 0.306 

Tyr -69 -41 -32 17 0.379 0.190 0.668 

Val 1.9 8.9 -7.9 29 0.906 0.814 0.748 

EAA -582 -309 -351 360 0.861 0.660 0.734 
Values with different superscripts in the same row indicate main effect of the treatment (

abc
, P < 0.05; 

xyz
, P < 

0.10). 
1
AA: amino acid, Cit: citrulline, EAA: essential amino acid, N: nitrogen, NEAA: non-essential amino acid, 

Orn: ornithine. 
2
Standard error of the mean, n = 4 or 5 per treatment. 

3
Regression of the different responses relative to the amount of ammonia-N in the diet. 
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Table 5.7  Net cumulative appearance over 8 h of plasma AA-N across the PDV + liver of 

pigs fed diets deficient in NEAA-N and supplemented with increasing levels of 

ammonium citrate 

AA-N
1
, 

mg/meal 

Control 
Low 

Ammonia 

High 

Ammonia 
SEM

2
 

P-value 

n = 5 n = 4 n = 5 
Main  

effect 

Linear 

regression
3
 

Quadratic 

regression
3 

Ala 380
z
 645

yz
 651

y
 68 0.067 0.034 0.183 

Asn 40 58 44 13 0.537 0.802 0.290 

Asp 53 59 55 6 0.794 0.808 0.530 

Cit 255
b
 371

a
 395

a
 26 <0.001 <0.001 0.013 

Glu 1029
z
 1381

yz
 1450

y
 146 0.087 0.039 0.342 

Gln -25 -55 -200 88 0.168 0.096 0.485 

Gly 189 78 80 57 0.379 0.219 0.454 

Orn 102 147 96 22 0.231 0.830 0.110 

Pro 92 114 119 20 0.610 0.352 0.754 

Ser 13 26 25 16 0.700 0.469 0.650 

NEAA 2109 2775 2719 340 0.360 0.221 0.397 

       
 

Arg 619 722 678 116 0.776 0.669 0.560 

Cys 34 28 23 5 0.221 0.099 0.995 

His 236 222 192 46 0.764 0.508 0.887 

Ile 130 138 120 21 0.631 0.625 0.463 

Leu 267 277 236 40 0.460 0.396 0.426 

Lys 353 765 572 104 0.107 0.185 0.063 

Met 40 40 43 13 0.984 0.884 0.942 

Phe 73 47 56 19 0.657 0.531 0.480 

Thr 262 75 18 102 0.267 0.125 0.604 

Trp 46 27 13 17 0.416 0.207 0.890 

Tyr 36 26 28 15 0.888 0.693 0.768 

Val 211 200 172 35 0.501 0.289 0.782 

EAA 2316 2589 2150 369 0.569 0.696 0.368 
Values with different superscripts in the same row indicate main effect of the treatment (

abc
, P < 0.05; 

xyz
, P < 

0.10). 
1
AA: amino acid, Cit: citrulline, EAA: essential amino acid, N: nitrogen, NEAA: non-essential amino acid, 

PDV: portal-drained viscera, Orn: ornithine. 
2
Standard error of the mean, n = 4 or 5 per treatment. 

3
Regression of the different responses relative to the amount of ammonia-N in the diet. 
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Table 5.8 Cumulative N balance over 8 h across PDV and PDV + liver of pigs fed a diet 

deficient in NEAA-N and supplemented with increasing levels of ammonium 

citrate 

  Control 
Ammonia 

Low 

Ammonia 

High 
SEM

1
 

P-value 

  

Main  

effect 

Linear 

regression
2
 

Quadratic 

regression
2
 

N digested
3
, mg/meal 4923

c
 5976

b
 7022

a
 72 <0.001 <0.001 0.727 

         

PDV, mg 

of N/meal 

Ammonia-N 433
c
 958

b
 1629

a
 60 <0.001 <0.001 0.342 

Urea-N 73 197 8 78 0.133 0.428 0.064 

NEAA-N 839
a
 764

a
 283

b
 164 <0.001 <0.001 0.027 

EAA-N 2532 2801 2463 285 0.518 0.813 0.276 

Total-N 3881 4747 4382 457 0.182 0.255 0.140 

N recovery, % of digested 78.3 80.2 62.5 8.0 0.091 0.064 0.181 

        

 

PDV + 

liver, mg of 

N/meal 

Ammonia-N -29 13 46 26 0.205 0.089 0.896 

Urea-N -93 -59 210 92 0.099 0.062 0.341 

NEAA-N 2109 2775 2719 340 0.360 0.221 0.397 

EAA-N 2316 2589 2150 369 0.569 0.696 0.368 

Total-N 4318 5357 5121 668 0.466 0.339 0.386 

N recovery, % of digested 89.6 90.0 73.3 10.5 0.323 0.227 0.453 
abc

 Values with different superscripts in the same row indicate main effect of the treatment , P < 0.05. 
1
Standard error of the mean, n = 5 or 6 for PDV, and n= 4 or 5 for PDV + liver per treatment. 

2
Regression of the different responses relative to the amount of ammonia-N in the diet. 

3
EAA: essential amino acid, N: nitrogen, NEAA: non-essential amino acid, PDV: portal-drained viscera. 
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Table 5.9  Amino acid-N concentration, before feeding (time = 0), in arterial plasma of 

pigs fed diets deficient in NEAA-N and supplemented with increasing levels of 

ammonium citrate 

AA-N
1
, 

μg/mL 

Control 
Low 

Ammonia 

High 

Ammonia 
SEM

2
 

P-value 

n = 6 n = 6 n = 6 
Main  

effect 

Linear 

regression
3
 

Quadratic 

regression
3
 

Ala 5.95 5.70 5.64 0.42 0.678 0.423 0.785 

Asn 1.15 1.15 1.04 0.07 0.489 0.294 0.591 

Asp 0.08 0.09 0.09 0.009 0.703 0.433 0.842 

Cit 2.76 3.47 3.71 0.37 0.120 0.053 0.550 

Glu 1.31 1.49 1.20 0.23 0.642 0.726 0.394 

Gln 7.95
b
 9.39

ab
 10.24

a
 1.10 0.035 0.013 0.664 

Gly 10.31
y
 9.11

yz
 7.51

z
 0.74 0.060 0.022 0.821 

Orn 2.03 1.95 1.92 0.13 0.804 0.534 0.896 

Pro 2.41 2.31 2.23 0.15 0.668 0.388 0.946 

Ser 1.62
a
 1.45

ab
 1.15

b
 0.10 0.014 0.005 0.552 

NEAA 35.6 36.2 34.7 1.95 0.840 0.723 0.647 

      
  

Arg 4.04 4.42 4.15 0.34 0.693 0.805 0.431 

Cys 0.16 0.11 0.08 0.03 0.162 0.065 0.939 

His 3.40
a
 2.71

b
 2.13

c
 0.19 <0.001 <0.001 0.733 

Ile 1.16
a
 0.92

b
 0.66

c
 0.06 <0.001 <0.001 0.885 

Leu 2.10
a
 1.88

a
 1.46

b
 0.11 0.002 <0.001 0.346 

Lys 9.77
a
 8.51

ab
 6.37

b
 0.88 0.039 0.014 0.659 

Met 0.87
a
 0.85

ab
 0.68

b
 0.06 0.030 0.016 0.185 

Phe 1.59
a
 1.22

b
 0.80

c
 0.10 <0.001 <0.001 0.770 

Thr 13.6
a
 10.1

b
 6.7

c
 1.09 0.001 <0.001 0.971 

Trp 1.88
a
 1.88

a
 1.33

b
 0.15 0.027 0.027 0.127 

Tyr 1.44 1.52 1.15 0.13 0.172 0.148 0.200 

Val 4.33
a
 3.65

a
 2.68

b
 0.22 0.002 <0.001 0.587 

EAA 44.3
a
 37.7

ab
 28.2

b
 2.4 0.005 0.002 0.628 

Values with different superscripts in the same row indicate main effect of the treatment (
abc

, P < 0.05; 
xyz

, P < 

0.10).  
1
AA: amino acid, Cit: citrulline, EAA: essential amino acid, N: nitrogen, NEAA: non-essential amino acid, 

PDV: portal-drained viscera, Orn: ornithine. 
2
Standard error of the mean, n = 6 per treatment. 

3
Regression of the different responses relative to the amount of ammonia-N in the diet. 
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Table 5.10  Net cumulative PDV appearance over 8 h of EAA, relative to SID AA intake, in 

pigs fed diets deficient in NEAA-N and supplemented with increasing levels of 

ammonium citrate 

AA
1
, % 

Control 

Low 

Ammonia 

High 

Ammonia 
SEM

2
 

P-value 

n = 6 n = 5 n = 6 
Main  

effect 

Linear 

regression
3
 

Quadratic 

regression
 3
 

Arg 126.0 141.9 133.3 14.2 0.612 0.642 0.401 

Cys 30.7 28.5 24.6 4.9 0.507 0.264 0.860 

His 93.3 98.0 83.4 12.9 0.676 0.552 0.521 

Ile 59.3 64.4 65.7 9.6 0.830 0.577 0.855 

Leu 57.1 60.7 61.4 8.6 0.896 0.674 0.876 

Lys 66.4 94.0 76.8 14.2 0.408 0.603 0.231 

Met 90.2 84.0 75.9 10.0 0.438 0.215 0.923 

Met + Cys 54.3 50.5 45.0 6.8 0.434 0.214 0.889 

Phe 87.1 76.7 68.2 13.0 0.572 0.308 0.954 

Phe + Tyr 54.5 49.3 41.7 8.8 0.565 0.304 0.914 

Thr 49.3 52.4 31.2 18.7 0.532 0.370 0.504 

Trp 104.1 80.8 49.3 25.7 0.335 0.154 0.898 

Tyr 31.6 29.9 23.0 6.0 0.550 0.313 0.723 

Val 61.1 65.0 63.3 10.6 0.952 0.860 0.808 
1
AA: amino acid, EAA: essential amino acid, N: nitrogen, NEAA: non-essential amino acid, PDV: portal-

drained viscera. 
2
Standard error of the mean based on n = 5 or 6 per treatment. 

3
Regression of the different responses relative to the amount of ammonia-N in the diet. 
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Table 5.11 Cumulative NEAA-N balance over 8 h across PDV, liver and PDV + liver as 

percentage of ammonia-N intake of pigs fed a diet deficient in NEAA-N and 

supplemented with increasing levels of ammonium citrate  

 
NEAA-N recovery in PDV, 

% ammonia-N intake
1
 

NEAA-N recovery in liver, 

% ammonia-N intake 

NEAA-N recovery in PDV + 

Liver, % ammonia-N intake 

 Low High Low High Low High 

Ammonia 47.99 56.68 -42.97 -50.66 3.83 3.55 

Urea  11.30 -3.12 -0.18 18.61 3.01 14.30 

Ala 10.77 2.41 15.24 11.46 24.18 12.83 

Asn 1.82 -0.09 0.00 0.24 1.64 0.19 

Asp 0.00 -0.38 0.57 0.50 0.55 0.09 

Cit 14.51 7.72 -2.82 -0.96 10.58 6.63 

Glu 1.73 -0.43 31.57 20.83 32.12 19.93 

Gln -33.67 -30.21 28.92 19.41 -2.74 -8.29 

Gly -3.83 -5.26 1.09 2.37 -10.13 -5.16 

Orn 1.37 -0.95 -0.46 -0.33 4.11 -0.28 

Pro 1.00 1.23 2.10 0.47 2.01 1.28 

Ser 0.50 -0.56 0.33 0.99 1.19 0.57 

NEAA -6.84 -26.33 72.81 56.30 60.77 28.88 

1
EAA: essential amino acid, N: nitrogen, NEAA: non-essential amino acid, PDV: portal-drained viscera. 
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Figure 5.1  Ammonia-N net balances (output minus input) across PDV of pigs fed a diet 

deficient in NEAA-N and supplemented with increasing levels of ammonium 

citrate. Data points represent average + SE of samples (n = 5 or 6). *¤ 

Different from time 0, P < 0.05. Positive values demonstrate ammonia-N 

appearance post PDV metabolism. N: nitrogen, NEAA: non-essential amino 

acids, PDV: portal-drained viscera 
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Figure 5.2  Ammonia-N net balances (output minus input) across livers of pigs fed a diet 

deficient in NEAA-N and supplemented with increasing levels of ammonium 

citrate. Data points represent average + SE of samples (n = 4 or 5). ¤ 

Different from time 0, P < 0.05. Negative values demonstrate ammonia-N 

disappearance post liver metabolism. N: nitrogen, NEAA, dispensable amino 

acids 
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Figure 5.3  Ammonia-N net balances (output minus input) across splanchnic bed of pigs 

fed a diet deficient in NEAA-N and supplemented with increasing levels of 

ammonium citrate. Data points represent average + SE of samples (n = 4 or 

5). *¤ Different from time 0, P < 0.05. Positive or negative values 

demonstrate appearance or disappearance post PDV + liver metabolism, 

respectively. N: nitrogen, NEAA: non-essential amino acids, PDV: portal-

drained viscera 
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Figure 5.4  Concentration of ammonia-N in arterial plasma of pigs fed a diet deficient in 

NEAA-N and supplemented with increasing levels of ammonium citrate. Data 

points represent average + SE of samples (n = 6). *¤ Different from time 0, P 

< 0.05. N: nitrogen, NEAA: non-essential amino acid 
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CHAPTER 6  

SUMMARY AND GENERAL DISCUSSION 

With increasing supplementation of crystalline amino acids (AA), higher prices of quality 

protein sources, and concerns of nitrogen (N) pollution from the livestock industry, the reduction 

of crude protein (CP) contents in swine diets is a primary goal. In low CP diets, the dietary 

supply of non-essential AA (NEAA), or N necessary for the endogenous synthesis of NEAA, is 

decreased, potentially decreasing body weight (BW) gain of pigs. When diets are deficient in 

NEAA-N, catabolism of essential AA (EAA) is increased to provide N for the synthesis of 

NEAA, reducing efficiency of dietary EAA. Thus, proper supplementation of EAA and N, for 

the endogenous synthesis of NEAA, are equally important and necessary to increase efficiency 

of utilization of EAA. 

Requirements for EAA are reasonably well established for growing pigs, but studies 

focusing on requirements of NEAA are scarce. According to Wu et al. (2013, 2014, 2015), all 

NEAA should be included in the diet to maintain optimal performance, and they have suggested 

requirements for NEAA for different non-ruminant animals. These NEAA requirements are 

mainly based on carcass composition of NEAA and arbitrary extrapolation of NEAA synthesis 

rates from those determined in very young pigs (5- to 10-kg). These NEAA requirements do not 

consider the ability of more mature pigs to synthesize NEAA. By definition, a NEAA can be 

synthesized endogenously provided there is a N source, and establishing NEAA requirements 

cannot neglect the animal’s capacity to produce its own NEAA. Nitrogen requirements should be 

considered first, and only when the endogenous synthesis of NEAA is insufficient to meet the 

metabolic needs should minimum dietary levels of specific NEAA be investigated (conditionally 
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EAA). In Chapter 3 and 4, it was demonstrated that the endogenous synthesis of NEAA from 

ammonia is sufficient to mimic the supply of NEAA in the diet. However, limitations of this 

study were that not all NEAA were supplied (Gln and Asn; Chapter 3 and 4) and even at the 

highest level of ammonia supplementation, the ratio between EAA-N and total tract digestible N 

(E:TN) was above the optimum. This is of importance as it may have reduced the effect of the 

NEAA-supplemented diets.  

In Chapter 5, compared to the previous study, ammonia did increase urea concentration in 

blood. In Chapter 5 compared to Chapter 3, ammonium citrate was included at 4% vs. 3.6%, and 

only Glu was added in the final diet. These differences make more difficult the comparison of 

ammonia-N utilization between studies. To maintain the high efficiency of ammonia utilization, 

synthesis of other NEAA will have to increase to correlate with protein retention rates. 

Therefore, if the synthesis of any NEAA was not further increased, excess of ammonia would 

have been excreted as urea. This, however, is confounded with the higher inclusion of ammonia-

N that further stimulates urea production in the liver. Therefore, the mechanisms that control 

ammonia utilization for either NEAA or urea remain unclear. Ammonia utilization for urea 

production decreases the marginal efficiency of ammonia utilization for protein retention. Urea is 

considered a waste product of AA metabolism excreted mainly in urine, and when included in 

the diet, urea is rapidly absorbed and excreted (Jackson et al., 1984). To utilize endogenously 

produced or dietary urea, urea has to be hydrolyzed by the gut microbes producing ammonia 

(Mansilla et al., 2015). However, this recycling pathway renders low efficiency explaining the 

lack of treatment effect in Chapter 3. 
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When adding ammonia to diets deficient in NEAA-N, ammonia is used for the endogenous 

synthesis of NEAA. This metabolic increment in de novo synthesis of NEAA did not affect 

utilization of EAA according to the similar EAA profile of carcass protein compared to 

supplementation of NEAA (Chapter 4). Moreover, the similar appearance of EAA in portal vein 

presented in Chapter 5 also agrees with an independent metabolism of EAA. The lack of effect 

could be explained by the use of dietary AA proportions based on the AA:Lys contents 

suggested by NRC (2012). The utilization of EAA for protein retention is the main factor for 

determining the requirements of EAA (NRC, 2012). The results of Chapter 4 and 5 indicate that 

low CP diets deficient in NEAA-N and supplemented with bioavailable N sources do not modify 

estimated requirements for EAA. The efficiency of Arg and Cys utilization for body protein 

accretion was increased in both N-added diets compared to NRC (2012). The increment in 

efficiency could imply an increased requirement for Arg and Cys in diets of pigs fed low CP as 

suggested by Guay and Trottier (2006). Whether the main reason for the increment in AA 

requirements is the low CP content in the diet per se or the high inclusion of crystalline AA in 

low CP diets cannot be determined. When using crystalline AA, AA are rapidly absorbed, 

increasing the bolus of metabolites compared to feeding intact proteins. The latter can activate 

catabolic pathways reducing the utilization efficiency of EAA. To accurately meet estimated 

requirements of AA, requirements and supply of the nutrient in the diets should be expressed in 

the same terms (i.e. standardized ileal digestibility). However, if the source of AA in the diet can 

modify the estimated requirements, sophisticated models to predict this interaction will be 

required to facilitate higher inclusion of crystalline AA. 
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Glutamate is the main amino-group donor for the synthesis of other NEAA (Brosnan, 

2000), and research has suggested that Gln synthesis can be increased as a mechanism of N 

salvage in rats fed low CP diets (Rémesy et al., 1997). Liver Glu dehydrogenase (GDH)-Vmax 

increased, but Gln synthetase (Gln-S)-Vmax did not, in ammonia supplemented diets in 

agreement with the higher N retention and BW gain (Chapter 3 and 4), reflecting the pivotal role 

of GDH for incorporating ammonia into NEAA. The higher GDH activity was also demonstrated 

in the Glu and Gln hepatic balance presented in Chapter 5. Studies have suggested that the 

direction of flux through GDH under physiological conditions is not favorable for Glu synthesis, 

as the Km for ammonia is high (Smith and Stanley, 2008; Treberg et al., 2010). The Km estimated 

for ammonia in GDH (Chapter 3) is more than 700 times higher than the highest ammonia 

concentration in the plasma. However, the Km of an enzyme only represents the substrate 

concentration at which the enzyme is half the Vmax, and it should not be interpreted as activity or 

inactivity of the enzyme. Moreover, the conditions at which the Km was estimated (i.e. in vitro) 

do not necessarily represent those at physiological conditions and interpretation of the results 

should be done cautiosly. 

Finally, in the present set of experiments, ammonium citrate was the chosen form of 

ammonia-N supplementation. When ammonium citrate is dissociated in the gut lumen, the 

resulting ammonium (NH4
+
) and citrate are absorbed. Citrate is an intermediary of the Krebs 

cycle and it was hypothesized that adding it to the diet would not interfere with AA metabolism. 

This ammonium salt is, however, very expensive and unlikely to be used in commercial diets. 

Ammonium phosphate, hydrochloride and bicarbonate are cheaper options, but their interaction 

with protein metabolism under conditions of NEAA deficiency is unknown. Ammonium 
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hydrochloride has been used in rats to mimic acidotic states to study liver AA metabolism 

(Welbourne et al., 1986; Boon et al., 1996) and will interact with AA metabolism even in a diet 

deficient in NEAA-N. However, a combination of ammonium chloride and ammonium 

bicarbonate could mitigate this problem and represent an option for cheaper ammonia-N sources. 

Ammonium phosphate could also be used to supply NEAA-N, but levels of phosphorus in the 

diet should be decreased accordingly. Currently ammonium phosphate is used as a soil fertilizer 

for plants and as a phosphorus supplement for fish production representing the most cost-

effective source of ammonia in the market. Utilization of ammonia in actual pig diets will have a 

long way to go before its usage as a feed ingredient is possible. Independently of the regulations 

for the utilization of ammonia as a feed ingredient, prices of natural protein sources will have to 

increase while decreasing prices of crystalline AA. This scenario is, however, not unforeseeable 

with higher competition for high quality protein sources between humans and animal production 

systems. 

Overall, the studies presented in this thesis evaluate the utilization of ammonia as a N 

source when diets are highly supplemented with EAA but deficient in NEAA-N. Data presented 

in this thesis imply that endogenous synthesis of NEAA from ammonia is comparable to NEAA 

supplementation. Further studies investigating ammonia supplementation under conditions that 

support maximal growth are warranted. Moreover, determination of N requirements is necessary 

to properly estimate minimum necessary levels of NEAA. These estimations should consider 

capacity, synthesis, and utilization of NEAA in different tissues under proper N supplementation.  
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CHAPTER 8  

APPENDIX 

Figure A.1 Glutamine synthetase activity at different concentrations of hydroxylamine in 

the medium, from the liver of pigs fed a diet deficient in NEAA-N and 

supplemented with increasing levels of urea. Data points represent average + 

SE of samples (n = 7 or 8). N: nitrogen, NEAA: non-essential amino acid 
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Figure A.2 Glutamine synthetase activity at different concentrations of hydroxylamine in 

the medium, from the liver of pigs fed a diet deficient in NEAA-N and 

supplemented with increasing levels of ammonia. Data points represent 

average + SE of samples (n = 7 or 8). N: nitrogen, NEAA: non-essential amino 

acid 
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Figure A.3 Glutamine synthetase activity at different concentrations of hydroxylamine in 

the medium, from the liver of pigs fed a diet deficient in NEAA-N and 

supplemented with increasing levels of Glu. Data points represent average + 

SE of samples (n = 7 or 8). N: nitrogen, NEAA: non-essential amino acid 
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Figure A.4 Glutamine synthetase activity at different concentrations of hydroxylamine in 

the medium, from the liver of pigs fed a diet deficient in NEAA-N and 

supplemented with increasing levels of a mix of NEAA. Data points represent 

average + SE of samples (n = 7 or 8). N: nitrogen, NEAA: non-essential amino 

acid 
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