
NUTRITIONAL SIGNIFICANCE OF ENDOGENOUS GUT 

NITROGEN LOSSES IN GROWING PIGS 

A Thesis 

Presented to 

The Faculty of Graduate Studies 

of 

The University of Guelph 

by 

CHARLES MARTIN NYACHOTI 

In Partial Fulfiiment of Requirements 

for the degree of 

Doctor of Philosophy 

June, 1998 

Q Charles Martin Nyachoti, 1998 



National Library l*l of Canada 
Bibliothéque nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographie Semices services bibliographiques 

395 Wellington Street 395. rue Wellington 
OttawaON K I A O W  OrtawaON K1AON4 
canada Canada 

The author has ganted a non- L'auteur a accordé une licence non 
exclusive licence allowing the exclusive permettant à la 
National Library of Canada to Bibliothèque nationale du Canada de 
reproduce, loan, distribute or sell reproduire, prêter, distribuer ou 
copies of this thesis in microfonn, vendre des copies de cette thèse sous 
paper or electronic formats. la forme de microfiche/film, de 

reproduction sur papier ou sur format 
électronique. 

The author retains ownership of the L'auteur conserve la propriété du 
copyright in this thesis. Neither the droit d'auteur qui protège cette thèse. 
thesis nor substantial extracts fiom it Ni la thèse ni des extraits substantiels 
may be printed or otherwise de celle-ci ne doivent être imprimés 
reproduced without the author's ou autrement reproduits sans son 
permission. autorisation. 



N r O N A L  SIGNlFICANCE OF ENDOGENOUS GUT NITROGEN 
LDSSES IN GROWING PIGS 

Charles M. Nyachoti 
Universiry of Guelph, 199û 

Advisof= 
Dr. CFM de Lange 

Experiments were conducted ta establish the impact of diets designed to 

induce either low or high endogenous gut protein loues (ENL) on protein synthesis 

rates and energy expenditure in the viscerd organs of growing pigs. Fint, conditions 

were established for converting lysine in practical feedstufh into homoarginine (HA). 

This technique was then used to determine ENL in pigs fed casein-cornstarch (CC), 

barley (B), canola meal (CM) or a mature of barley and canola meal (KM) based 

diets. Apparent and true ileal amino acid digestibilities were also determined. Diets 

based on B, CM and BCM induced sigrilficantly more ENL than the CC-based diet. 

True ileal amino acid digestibilities in the BCM diet seemed more additive compared 

to apparent digestibilities. 

A preliminary study was conducted to confirm that a floorling-dose of 

phenylalanine per se has no significant impact on the metaboiic status of the pig. This 

flooding-dose technique was then used to measure protein synthesis rates in visceral 

organs of growing pigs fed either the CC- or the BCM-diet. The BCM diet increased 

M y  protein synthesis rates in the colon but not in the s m d  intestine. This kding 

suggests that the increase in ENL observed when feeding the BCM-based diet is due 

to reduced re-absorption of endogenous nitrogen rather than an increase in the 



secretion of endogenous nitrogen into the gut lumen. 

A further study was conducted to detennine diet effect on organ m a s  and in 

vitro oxygen consumption in some visceral organs. In this study, the CC and BCM 

diets were evaluated as weU as a BCM based diet with 30 % added alfaifa meal 

(BCM-ALF). The results showed that in vitro oxygen consumption per g of tissue is 

not affected by diet type. The BCM and BCM-ALF dieu increased organ mass 

compared to the CC diet and because of this effect, total energy expenditure in the 

visceral organs of BCM and BCM-ALF pigs was higher than in the CC-fed pigs. 

These £i.ndings suggest that increased ENL as a result of feeding a BCM diet 

compared to a CC based diet, is associated with increased energy expenditure in the 

hind gut The latter is Iargely attnbuted to diet effects on organ size. It is suggested 

that further snidies be conducted to evaluate relationships between ENL, size and 

energy expenditure in viscerd organs when specific dietary components (e.g. feed 

enzymes, antinutritional factor etc.) are manipulated. 
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CHAPTERI 

General Introduction 

The task of iivestock feed formulation basically invohres baiancing dietary 

nutrient supply to support the desired production level. For accurate feed 

formulation, it is important that the availability of nutrients in feed ingredients is 

estimated. In practise, the availability of nutrients is often not determined mainly 

because it is expensive and tirne-consuming to do so. For this reason, nutrient 

digestibilities rather than nutrient availabilities, in feed ingredients are routinely used 

in feed formulation (Sauer and Ozimek, 1986). In practical formulation of swine 

feeds, apparent iieal amino acid digestibilities are considered to give reasonable 

estimates of amino acid availabilities (Sauer and Ozimek, 1986). 

Amino acids and nitrogen that fiows past the end of the smdl intestine are 

mavailable for body protein accretion and are subsequently excreted in pig manure 

(Zebrowska, 1973; Just, 1981; Sauer and Ozimek, 1986). Deal amino acid 

digestibilities are determined by collecting digesta £tom the end of the smaU intestine 

and relating amino acid intakes to amho acids recovered in Seal digesta. 

Digestibilities determined this way are referred to as apparent digestibilities because 

no difîerentiation is made between endogenous protein present in ileal digesta (ENL) 

and non-digested dietary protein. These ENL are Likely to interfere with additivity of 

apparent iieai amino acid digestibilities in mixtures of feed ingredients and are an 

important conmiutor to maintenance amino acid and energy requirements. True ileal 

amino acid digestibilities are corrected for ENL by making a distinction between 
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undigested dietary and endogenous amino acids that are present in iieal digesta. 

Many studies have been carried out in the past two decades to develo~ 

methods for quantifving ENL and on animal and dietary factors that idiuence ENL 

(de Lange et al., 1989% b; Marty et al., 1994; Schulze et al., 1994a, b; Jansman et al., 

1995). It is now known that ENL are much higher when pigs are fed diets containing 

practical type ingredients than previously estimated. Endogenous proteins originate 

nom various parts of the gut, but the smaU intestine rnakes the largest contriiution 

(Low, 1985). Since gut tissues are metabolically very active, it is conceivable that 

when p ig  are fed diets that induce high ENL, the rates of metabolic processes such 

as protein synthesis and movement of Na' and K' across the ce11 membrane are 

increased. Both these processes require a large amount of energy and, therefore, any 

dietary treatment that will accelerate these processes will likely lead to an increase 

in the maintenance energy requirements of the pig. This will mean that the actuai 

metabolic cost of feeding such diets to pigs is much higher than reflecîed by the 

amount of ENL at the terminal ileum. However, the existence of such a relationship 

has not been established. It is, therefore, important to avail such information so as 

to understand the actual metabolic cost associated with feeding diets that induce hi@ 

ENL to growing pigs. 

The research program reported herein was undertaken to test the hypothesis 

that feeding pigs diets that induce high ENL represents a significant metabolic cost 

to the animal in terms of energy expenditure in addition to the loss of energy 

contained in ENL Experirnental diets used in the current research were designed to 
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induce low or high ENL. In the initial stages of the project, the amounts of ENL 

induced when feeding these diets were quantified using the homoaginine (HA) 

method As the KA method has not been extensively used in studies feeding diets 

based on practical feedstuffs, Eqeriment 1 (Chapter 3) was set up to establish 

appropriate conditions for using this method with the type of ingredients chosen for 

these studies. The amount of ENL induced by the different experimentai diets was 

quantified at the t e e a l  ileum using the HA method in Experiment 2 (Chapter 4). 

Results of the metaboiic studies (gut protein synthesis and energy expenditure) are 

reported in Chapters 5, 6 and 7. The key fkdings of Chapten 3 through 7 are 

discussed in the General Discussion (Chapter 8) which &O includes the main 

conclusion of these studies. 



21 Abstract 

During the past two decades endogenous gut nitrogen losses at the distal ileum 

(ENL) in the growing pig have received considerable attention in swine nutrition 

research. Estimates of ENL are important for determinhg true ileal nitrogen and 

amino acid digestibilities in and for identifying means to improve the efficiency of 

nitrogen and energy utilization in growing pigs. Endogenous secretions orïginate from 

various sources including saliva, pancreatic secretions, bile, sloughed off epitheliai 

cells, senun albumen and mucin. It has been estimated that 70 to 80 % of 

endogenous nitrogen secretions are digested and re-absorbed. Therefore, ENL 

represents only a fraction of endogenous nitrogen secreted into the gut. Increased 

ENL are likely associated with elevated rates of gut protein synthesis. This is bound 

to increase maintenance energy and amino acid requirements of pigs. Traditionally, 

ENL were determined by feeding protein-free diets or by the regression method. 

Various alternative techniques (UN-isotope dilution technique, homoarginllie 

technique, enymatically hydrolysed casein method) are now available to estimate the 

ENL in pigs fed protein-containing diets. Each of these has some limitations and all 

A version of this chapter has been published: Nyachoti, C.M., C . F . M .  de 
Lange, B.W. McBride, and H. Schulze, 1997. Significance of endogenous gut 
nitrogen losses in the nutrition of growing p i s :  a review. Can. J. Anim. Sci. 
77:149-163. 



require different assumptions. Results obtained with these alternative techniques 

indicate that the net ENL losses are much higher and more variable than previously 

estimated, and that they are affeaed both by animal and dietary factors. Recent 

estimates of ENL losses Vary between 1.8 and 8.3 g kg-' dry matter intake. The main 

factors (feed intake, body weight, content of anti-nutritional factors, fîbres and 

[indigestible] protein) that affect ENL and approaches (plant breeding and selection, 

ingredient processing and use of exogenous enzymes) to reduce ENL are discussed 

in this review. In addition, the rnetabolic costs associated with ENL are estimated. 

2.2 Introduction 

The nutritional value of feedstuffs for pigs û largely determined by their 

content of available nutrients, in particular amino acids and other nutrients that 

supply energy. AvailabiIity of nutrients is de£ined as the portion of ingested nutrients 

that is absorbed kom the digestive tract in a form that renders them available for 

metabolism by the animal (Sauer and Ozimek 1986). Because it is expensive and the  

consuming to routinely measure amino acid availabilities, apparent ileal amino acid 

digestibilities are usually determined and used as reasonable estimates of amino acid 

avaiiabilities (Sauer and Ozimek 1986). It should be noted, however, that for certain 

feedstuffs (like those that have been heat treated) apparent ileal digestibilities may 

underestimate availabilities because amino acids may react with other constituents 

present in the feedstuff to form 

them unavailable to the animal 

complexes that are absorbed in a fom that renders 

(Hurrell and Finot, 1985). In general, it is accepted 
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that in swine feed ingredients, ileal amino acid digestibilities provide better estimate 

of amino atid availabilities compared with fecal digestibiiities (Sauer and OPmek 

1986; Moughan 1995). Amino acids that disappear kom the hind gut are not 

avaüable to the animal (Just et al. 1981). Furthermore, fecal digestiiilities are 

confounded by the modifying and apparent equalizing effect of the microflora in the 

hind gut on amino acids recovered in faeces (Sauer and Ozimek 1986). 

In conventional digestibility studies, it is not possible to distinguish between 

non-digested dietary amino acids and non-reabsorbed endogenous amino acids in ileal 

digesta or in faeces. The obtained digestibility values are therefore referred to as 

apparent digestibilities. True digestibilities can only be estimated when the recovery 

of endogenous amino acids in ileal digesta is determined. Recent studies (e.g. de 

Lange 1990; Marty et al. 1994; Schulze et al. 1994b; Jansman et al. 1995) have 

suggested that endogenous gut amino acid losses were previously underestimated. 

These studies indicate that observed differences in apparent ileal amino acid 

digestibilities between feed ingredients can largely be atmbuted to differences in the 

amount of ENL recovered at the distal ileum, rather than to differences in tnie ileal 

amino acid digestibilities. Given that there wil1 be metaboiic inefficiencies associated 

with ENL, the actual amino acid and energy losses to the animal will be larger than 

what is measured in ENL recovered at the end of the smaii intestine or in faeces. 

This chapter provides a review of the techniques for estimating ENL and a 

discussion of the factors that affect ENL. Estimates of the metabolic cost associated 

with the loss of EN. and the means of reducing ENL are also discussed. 
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2.3 Determimng apparent ileal digestiIbilities: methods for c011ecthg ileai digesta 
h m  the tnminal ileum in pigs 

In order to determine apparent ileal digestibilities, digesta need to be sampled 

at the end of the small intestine. Various sampling methods have been used, including 

use of surgically modified (mu la t ed  or anastomosed) anirnals or the slaughter of 

intact mimals. The general principles of these procedures including their advantages 

and disadvantages are disnissed below. 

23.1 Cannlllatiion techniqyes 

Several cannulation procedures are used to facilitate collection of ileal digesta. 

These could be classified into three general categories, namely: re-entrant canulas, 

simple T-canulas, and postvalve-T-caecum canulas. 

23.1.1 Reen&mt cmrulos 

The use of the re-entrant canula technique in pigs was first suggested by 

Cummingham et al. (1962), but since then many variants including the ileo-ileo, ileo- 

caecal and ileo-colic post valve re-entrant canulas have been developed to try and 

overcome the problems of the initial procedure (Easter and Tanksley, 1973). The 

major problems with the initial re-entrant cannulation procedure are the complete 

trwection of the s m d  intestine which dismpts its normal hctioning and the high 

incidence of blockage particularly with normaily ground feeds (Fuller, 1991; Sauer 

and de Lange, 1992). The incidence of blockage is increased at high feed intakes, 



increased dietary m d e  fibre and factors that increase digesta viscosity. Infusion of 

a physiological salt solution aï the proximal part of the ileo-caecal re-entrant canula 

to make the digesta thinner so that it flows smoothly has been suggested as a possible 

solution to blockage problems (van Leeuwen et al., 1987), although the disadvantages 

are that this is more laborious and increases the need to restrain the pigs while 

infusing the salt solution. The îleo-colic post-valve cannulation technique, developed 

by Darcy-Vrillon et ai. (1980), maintains the integrity of the smdi intestine and 

preserves the functionai role of the ileocecal sphincter thus rnaintaining a more 

physiological state. It &O aliows collection of digesta as it arrives nomaiiy at the 

colon. However, this technique is quite laborious as well; digesta are coiiected 

continuously and need to be returned to the hindgut at regular intervals (Darcy- 

VrilIon and Laplace, 1990). Re-entrant cannulation has advantages in that it allows 

for quantitative collection and representative samphg of digesta and it does not rely 

on the use of digestibMty marken. 

The simple T-canula technique uses a T-shaped canula that is placed at the 

distal ileum about 5-10 cm anterior to the ileocecal valve without transecting the 

srnail intestine (Sauer and de Lange, 1992). This allows maintenance of a fairly 

normal physiological state since the migrating myoelectric complexes necessary for 

normal digesta passage are able to continue (Fuller, 1991). During collection, on@ a 

fraction of the digesta that pass by the T-cannula are coilected. Therefore, this 
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technique relies on the use of digestiiility markea and natural forces to drive digesta 

£rom the intestinal lumen through the cannula. This may pose problems regarding the 

limitations of using markea (e.g. the need for uniform mkhg of markers in the diet 

and in digesta, analytical problems, uncertainties conceming the marker's 

absorbability) and obtaining representative samples (Udén et al., 1980; Fuller, 1991). 

Other concerns of using the T-carnula technique include the interna1 diameter of the 

canula, flow of digesta fiom dieu of different composition and particle size and the 

amount of digesta collected to give a representative sample (Sauer and de Lange, 

1992). If the T-canula is used for a long tirne, it rnay be outgrown by the animal. 

However, the T-canuia technique is the most commody used procedure part& 

because it involves leu invasive surgery as compared to re-entrant canulas and it 

compares favourably with the use of intact animals (Livingstone and McWilliam, 

1985; Moughan and Smith, 1987). 

23.13 P m - ~ d d Ù  T- d 

The postvake T-caecum canula (PVTC) technique involves removal of the 

entire caecum with the exception of the area surroundhg the ileocecal sphincter 

which is prepared for placement of a Tenu la .  This method fkst suggested by van 

Leeuwen et al. (1988), permits quantitative collection of ileal digesta. Once the canula 

is opened (i.e. the plug is removed bom the barrel of the cannula), the ileo-caecal 

sphincter moves into the barrel of the cannula aliowing a £ree fiow of digesta passing 

through the ileo-caecal vahe to the collection tube attached to the extemal part of 
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the cannula. It also allows for determination of geai digestibility of coarser diets and 

those containing high fibre levels. Furthemore, PVTC method involves a simple 

surpical procedure and muses less discomfort and minor negative physiological effects 

(van Leeuwen et al., 1988). The major concem with this method relates to the 

possible physiological effects of caecectomy on ileal digestibility and the fact that its 

superiority over the T-canula has not been established (Moughan, 1995). A modined 

version of this technique has been proposed by Mroz et al. (1996). Rather than 

removing nearly aU of the caecum, these researchers suggest that a ring be placed 

around the üeo-caecal sphincter and that this ring is used to steer the ileo-caecal 

sphincter towarcis the caecai cannula when digesta are collected. 

23.2 Iieo-rectal anastomos& 

As a means of avoiding problems with canulas, ileo-rectal anastomosis (IRA) 

technique has been suggested by Fuller and Livingstone (1982). The small intestine 

is completely transected either at the terminal ileum or just after the ileo-caecal 

sphincter and then joined to the rectum such that ileal digesta is easily collected kom 

the anus. A modified version of this technique in which a T-canula is placed in the 

colon to evacuate fermentation gases, has been suggested by Picard et al. (1984). Pigs 

with IRA are relatively easy to maintain and can be fed diets of any texture (Sauer 

and de Lange, 1992). However, like as with most surgical procedures, the impact of 

IRA on the physiology and nutrition of the animal may pose some concem. This is 

particularly so with long-term protocols, as the Eunctional role of the smdî intestine 
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is changed to make up for the misshg colon. This may alter the amino acid 

composition of the chyme and observed digestibilities compared with that obtained 

when using other methods (Fuller, 1991). Anastomosed animals suffer considerable 

- discomfort due to the continuous outpouring of digesta and this is Iibely unacceptable 

from the animal welfare standpoint. 

233 Slaughter technique 

As the term implies, this techniques involves slaughter of experimental animais 

so as to be able to coilect digesta from the small intestine. The animals are kilied at 

a certain time intervai (usually 6-9 h) after feeding and digesta recovered from the 

last 20-40 cm of the srnail intestine. The major cnticisms of this method concem the 

fact that animals cannot be used as their own control since only one measurement 

can be obtained per animal and the possible difnculties of obtaining representative 

digesta samples. In particular, digesta can only be sampled at one instant in time 

when the slaughter technique is used. As a resulf any (potential) diurnal variation in 

nutrient digestibility due to feeding schedules, and interactions between feeding 

schedules and diet compositions, is generally not considered when this method is 

used. However, in direct co~parisons no dinerences were observed between 

digestibilities obtained using slaughter technique and £rom pigs fined with simple T- 

cannulas (Moughan and Smith, 1987; Donkoh et al., 1994). The biggest advantage of 

this technique is that minimum disruption of the digestive function occurs since no 

manipulation of the digestive tract is involved and it is possible to coiiect digesta from 

11 



several parts of the gut The slaughter method, unlike cannulation techniques, posses 

no problems with the texture of the feed thus ailowing practical diets to be tested. It 

takes a shorter time to cornplete an experirnent and therefore less labour input and 

requires no special facilities such as metabolic crates. 

2 4  Endogenous Gut Nitmgen Losses 

Endogenous gut nitrogen losses (ENL) are classically dehed as the nitrogen 

found in digesta or in faeces of animais fed nitrogen-free diets (Mitchell et al., 1924). 

ENL mainly consists of nitrogen £rom enzymes, mucoproteins, desquamated ceïis, 

serum albumin, peptides, amino acids, amides and amines (Moughan et al., 1992). 

ENL may also contain bacteria and swaiiowed body hair which, strictly speaking, are 

not endogenous sources of nitrogen. The contribution of the latter two sources is 

often neglected dthough there is evidence suggesting that bacteria present in the 

ileum may affect amino acid requirements of the pig (Tomallardona et ai., 1994). 

Dierick et al. (1986a, b) reported that ileal flora degrade substantial amounts of 

amino acids to form ammonia and amines and that 25-30 % of the total nitrogen in 

the ileum is of bacterial origin. Schiilze et al. (1994b), in a study on the effect of 

dietary fibre level on endogenous nitrogen flow, caicdated ileal bacterial nitrogen 

secretion to constitute more than 50 % of the total nitrogen at the distal ileum. Based 

on these findings and those of Rowan et al. (1992), it is apparent that bacterial 

conm3ution to endogenous nitrogen rnay be significant, and therefore it shouid be 

quantifïed and its role in whole-animal amino acid metabolism studied further. 
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2.4.l-of- N ~ S W S  

Endogenous nitrogen enters the gastrointestmal tract at various regions. Of ail 

these regions. The small intestine, foilowed by the pancreas and salivary glands, 

makes the largest conmiution to the totai amount of ENL [(Auclair (1986), cited by 

Souffrant (1991)l. EarIier data compiled by Low (1985; Table 2.1), although obtained 

under different experimental conditions, support these observations. However, as 

noted by S o e a n t  (1991) in a review of a wide range of literature, estimates of the 

totai amount of nitrogen entering the gut varies considerably, between 16 to 33 g b' 

in the growing pig. Recentiy, So&ant et al. (1993) calculated the endogenous 

nitrogen contribution from bile, pancreas, and other tissues of the gut to be 1.7, 1.9 

and 7.1 g 6' respectively. 

24.2ReqdXngof- N b  Ihcgut 

Endogenously secreted nitrogen is subjected to digestion, dong wi?h dietary 

nitrogen and their products reabsorbed (Fuller, 1991). However, the extent to which 

reabsorption occurs has not been clearly established; it has been estimated at 70 - 80 

% before the temiinal ileum (Souffrant et al., 1986, 1993; Krawielitzki et al., 1994). 

This indicates that only about 20-30 % of the total endogenous gut nitrogen 

secretions are of concem when determining ENL and true iieal amino acid 

digestibilities. 

Free amino acids and peptides are readily reabsorbed and therefore make up 

only a smaii part of ENL at the tenninal ileum (Moughan and Schuttert, 1991). The 
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Table 2.1. The amount (g b') of endogenous N entering the gut calculated nom 
various studies by Low (1985)' 

Source Amount % of Total 

S&va/gastric juice 

Bile 

Pancreas 

S d  intestine 

Large intestine 

Total 

for a 40 kg pig consuming a barley-fishmeal or barley-soya diet at 1.7 kg d*' intake level. Differcnt 
surgical methods were used in the original studies. 



bu& of endogenous nitrogen recovered at the distal ileum is composed of cell and 

mucin protein because mucin proteins are resistant to enzymatic hydrolysis (Tavemer 

et al., 1981; Moughan and Schuttert, 1991). Consequently, proline and giycine, the 

main amino acids in mucin proteins, are the main contributors to endogenous 

nitrogen recovered at the distal ileum. Wünsche et al. (1987) [cited by Souffrant 

(1991)l found 65 % of endogenous nitrogen to be composed of nonessential amino 

acids; prohe and glycine represented 25 and 12 % of the total amounts of recovered 

amino acids, respectively. Earlier, Sauer et al. (1977) reported slightiy higher values: 

non-essential amino acids accounted for 78 % of total amino acids, proline and 

glycine represented 43 and 13 % of total amino acids, respectively. 

24.3 Metabolïc of endogenous N lasses 

As noted previously, ENL have recently received considerable attention 

because of their confounding effects on observed N and amino acid digestibilities. In 

addition, they contriite to maintenance amino acid and energy requirements of the 

pig, and possibly to the inefficiency in utilking dietary amino acids for body protein 

retention (Schuize, 1994; de Lange et ai., 1995; Moughan, 1995). In fact, it has been 

estimated that ENL are the single most important factor conm'buting to maintenance 

N requkements (de Lange et al., 1995). This also impiies that the contribution of pigs 

to environmental pollution can be minimised by reducing E N L  

In growing animals, a ffaction of amino acids that are supplied in excess of 

maintenance requirements is catabolized. This amino acid catabolism even applies 
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to amino acids that limit the rate of body protein deposition, and conm%utes to the 

inefficiency of using dietary amino acids for body protein deposition (e.g. de Lange 

the al., 1995; Moughan, 1995). This inefficient utilization of amino acids is referred 

to as inevitable amino acid catabolism (Moughan, 1995). Estirnates of inevitable 

amino acid cataboiism Vary largely between .O5 and .40 of available amino acid intake 

(de Lange et al., 1995; Moughan, 1995). Inevitable amino acid catabolism may Vary 

with the level of amino acid intake, dietary amino acid balance and may m e r  

between individual amino acids (de Lange et al., 1995; Moughan, 1995). If this 

inevitable amino acid catabolism applies to the production of endogenous gut protein 

and ENL, then the actual amino acid losses to the animal are in fact larger than the 

losses observed at the end of the srnail intestine (Jansman et al., 1995; Sève and 

Henry, 1995). In that case, part of the urinaiy nitrogen losses can be annbuted to the 

inefficiencies in synthesis of gut protein and ENL However, the enzymes required 

for the initial and irreversible steps of amino acid catabolism, and in particular those 

for the important essential amino acids, are largely present in the Liver (Amentano, 

1994; Simpson et al., 1998; Volman et ai., 1998). In addition, at least part of the 

amino acids used for the synthesis of endogenous gut protein c m  be derived directly 

from intestinal lumen without passing through the liver (Ehschîïeld and Kern, 1969; 

Alpers, 1972). This suggests that inevitable amino acid catabolism only applies to a 

fraction of amino acids used for the synthesis of endogenous gut protein and ENL 

On the other hand, inevitable amino acid catabolism may be more signincant for 

body proteins with high tum over rates, such as those in the visceral organ. This 
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inevitable cataboiism, or the inefficiency in the use of amino acids for endogenous gut 

protein synthesis and associated ENL remains to be adequately quantified (Grala et 

al., 1997; Sève and Leterme, 1997). 

Although the gut represents a propotionaily smaii part of the whole animal 

body, it is reported to account for a sigdcant amount of the total body energy 

expenditure (GU et al., 1989; Yen et al., 1989; Huntington, 1990; Yen, 1997). As a 

percentage of total body oxygen consumption, the gut estimated to account for 22-47 

% in sheep (Kelly et al., 1993), 24.8 % in 3.5-4 months old pigs (Yen et al., 1989) 

and 12 % in rats (Foster and Frydman, 1978). Farrell (1988) also showed that in 

sheep total viscera and nervous tissue account for 58.5 % of oxygen consumption 

although they represent oniy 11 % of body weight. This phenornenon is attri'butable 

to two major energy requiring processes occurring in the gut: activities of the Na', 

K+-ATPase enzyme and protein turnover (Lobley, 1988; Kelly and McBride, 1989; 

McBnde and Kelly, 1990). Kelly et al. (1993) estimated Na' K+ ATPase enzyme and 

protein synthesis activities to account for 15.2-41.4 % and 26.5-31 % as a portion of 

viscerd oxygen consumption, respectively. Literature does not provide estimates of 

energy expenditure by the gut when feeds of different composition are fed to pigs. 

However, results of a study with beef heifers (Reynolds et al., 1991) indicated that 

oxygen consumption by the portai drained viscera (PDV) diflered when alfaifa- or 

concentrate-based diets were fed. This observation was attnbuted to increased ~ I Y  

matter intake and blood flow across the PDV when aifalfa was fed. 

Increased production of endogenous gut nitrogen, due to any of the dietary 
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factors outlined previously, will imply increased gut protein turnover, increased 

transport across the gut of digestion products and increased rate of blood fïow 

through the gut tissues, all of which are important energy demanding processes 

(Lobley et al., 1980; Reeds et ai., 1985; Black and de Lange, 1995). This in turn û 

bound to increase both maintenance energy and amino acid requirements of the 

growing pig and affect its dtimate performance (Moughan, 1989; Reynolds et al., 

1991; Kelly et al., 1993). Although these relationships have not been clearIy 

established and/or quantined, Table 2.2 does provide some evidence of its practical 

significance. The d d y  maintenance ME requirernents for a 13 kg pig is about 3150 

kJ d-' [460 kJ kg--= body weight; Agncultural Research Council(1981)]. The energetic 

cost of protein synthesis is estimated at 4.5 kJ g-l (Webster, 1981). Furthemore, it is 

assumed that the rate of endogenow protein synthesis is similar to the rate of 

endogenous protein secretion and that the rate of endogenous secretion is 4 g g" of 

ENL at the end of the small intestine (75 % of the endogenous protein secreted into 

the gut is reabsorbed; section 2.4.2). It can then be estimated that the energy 

requirements for endogenous gut protein synthesis account for up to 13 % of total 

maintenance energy requirements or for approxhately 4 % of total energy 

expenditure in ad libitum fed growing pigs. The values in Table 2.2, however, are an 

underestimation of the actual energy cost associated with ENL as it does not account 

for the energy required for other processes that are related to protein synthesis and 

for ciifferences between the rates of endogenous protei. synthesis and secretion. 



Table 2.2. Estimated energy cost for synthesising endogenous gut proteins in a 13 kg 
pig fed a corn starch-based semi-synthetic diet supplemented with graded levels of 
trypsin inhi bitorsa 

.. - 

Energy cost of synthesis % of maintenance 
Total synthesis (g de') Od de') energy requiremenp 

calcdated ushg endogenous protein l o s  data derived h m  Schuln 1994 and assuming 4 g of 
endogenous protein synthesis g'' of endogenous protein recovered at the mal1 intestine. 

animais werc kept in individual metaboliai crates (12-M x 1.244) and a mom temperature and relative 
humidity were 23-26 OC and 50-70 % mspectively. 



Availing this information will enhance o u  understandhg of the tme consequences 

of ENL to the growing pig and wiil result in an identification of means to imprwe 

the energetic efficiency of meat production (McBride and Kelly, 1990). 

24.4 Methods for esthahg  edbpous  N b e s  

Several methods have been used to quant@ endogenous nitrogen flow at the 

distal ileum of the pig. Earlier studies made use of conventional methods. These 

include feeding protein-free diets, feeding diets containing protein sources with an 

assumed 1 0  % digestibility, and mathematicai regression techniques. More recentiy, 

isotope dilution, homoarginine and peptide alimentation ultrafiltration techniques 

have been used. 

When protein-£ree diets are fed, all nitrogen-containing compounds found in 

the ileal digesta are assumed to be of endogenous origin. The main criticism of this 

method is its non-physiological nature (Low, 1980) îhat may affect the normal body 

protein metaboikm (MiUward et al., 1976) and in turn may reduce secretion of 

nitrogenous cornpounds into the gut lumen and affect the efficiency of re-absorption 

(Darragh et al, 1990). The fact that animals are in negative protein balance appears 

to have minor effects on endogenous loss of essential amino acids at the distai ileum 

of the pig (de Lange et al. 1989b). In thir study, only the recovery of endogenous 



proline, giycine and total N were affected (reduced) when amino acids rather than 

saline (control) were administered intravenously to animais fed a protein-fiee diet. 

As indicated by Butts et al. (1993a) and Donkoh et al. (1995), a protein-kee diet may 

lack the stimulatory effect on endogenous gut protein secretions. This may lead to an 

underestimation of ENL at distal ileum and in feces. In addition, dietary constituents, 

such as fibres and other antinutntional factors, that are associated with dietary 

proteins, may enhance ENL. 

Feeding a diet containing a protein source with an assumed 100 % digestibility 

may offer a desirable alternative to using a protein-ftee diet. Leibholz (1982) found 

similar values for ileai ENL when either a casein-containing diet or a protein-free diet 

was fed to growing pigs (3.4 vs 3.0 g kg-' DMI, respectively). Fuiier and Cadenhead 

(1991), on the other hand, observed lower ileal ENL in pigs fed a protein-free diet 

with added casein and crystalline amino acids as compared to pigs fed just the 

protein-fkee diet (4.3 vs 5.8 g d-i respectively). The latter observation is consistent 

with those made by de Lange et al. (1989b) and suggests that pigs that are in a 

positive protein balance wiu have slightly lower ileal ENL than pigs that are in a 

negative protein balance. This also implies that the recovery of total N at the distal 

ileum in pigs fed casein and/or crystalline amino acid based diets can be lower than 

in pigs fed protein-fiee diets even if the true ileal digestiiility of casein and crystalline 

amino acids is less than 100 %. The vaiidity of this method should thus be questioned 

until it is proven that the m e  digestiailities of casein and synthetic amino acid are 

indeed 100 %. 



When regression rnethods are used, animais are fed graded levels of protein 

in the diet and the recovery of N and amino acids at the distal ileum is related to N 

and amino acid intake. Via mathematical extrapolation the recovery of N and amino 

acid nitrogen at O N and amino acid intake can be estimated. The regression method 

is believed to provide better estimates of ENL as compared to feeding a protein-free 

diet (Fan et al., 1995). In addition, it allows for evaiuation of effects of dietaxy 

proteins of various quaiity on ENL (Souffrant, 1991; Fan et al., 1995). However, 

various studies have shown that its estimates are not different fkom those obtained 

with protein-free diets (e.g. Tavemer et ai., 1981; Furuya and Kaji, 1989; Donkoh et 

al., 1995). Furthemore, a basic assumption with the regression, as weii as with 

feeding protein-kee diets, is that there is no relationship between protein intake and 

E N L  Based on various recent studies, this basic assumption appears not to be valid; 

both rnethods results in an underestimation of ENL (see Sections 2.4.4.2 to 2.4.4.5). 

Estimates of ENL as observed with both of these methods should therefore be 

referred to as the minimum ENI, and endogenous amino acid losses. 

For feed formulation purposes, an estimation of these minimum ENL and 

minimum endogenous gut amino acid losses may be meaningful. Apparent ileal amino 

acid and N digestiiiiities that are corrected for the minimum gut losses (referred to 

as standardized ileai amino acid digestibilities and sometimes, incorrectly, as tnie ileal 

amino acid digestibilities) are no longer related to the amino acid or N level in the 

test diet. These corrected digestibilities are likely to be more additive between feed 

ingredients than apparent digestiiilities (Mariscal-Landin, 1992; Fan et al., 1995). 
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Isotope dilution techniques using UN have been used to label either the animal 

nitrogen pool (de Lange et al., 1990; Huisman et al., 1992; Schuize et al., 1994) or 

the dietary nitrogen (Leterme et al., 1994b; Roos et ai., 1994) and allow a 

differentiation between endogenous N and non-digested dietary N. Labeihg the 

animai's nitrogen pool is cornmoniy used. This basicaily involves a continuous infusion 

of labelled arnino acids and then measuring the amount of labeiled amino acids 

present in the ileal digesta relative to that in the precursor pool for gut protein 

synthesis. The deproteinized fiaction of blood plasma is generally considered to be 

the precursor pool. This technique is fiequently criticised because of the difficulties 

of achieving two of its basic requirernents; namely anainment of a steady state and 

choosing the right precursor pool (Moughan et al., 1992). The amount of endogenous 

nitrogen loss may be underestimated by this method because it does not account for 

endogenously added mucosal ceh  that are synthesized £rom IabeUed luminal dietary 

amino acids and then secreted (de Lange et al., 1992, Roos et al., 1994). Another 

point of critique on this technique is that not ail N containing compounds in the 

precursor pool(s) and in endogenous gut N are unifody labelied when labeiled 

amino acids are infused intravenously (de Lange et al., 1992; Lien et al., 1993). The 

contriiution of the various N-containing compounds (individual arnino acids, urea) 

to total N difîen substantially between the precursor pool(s) and endogenous gut 

proteins. In addition, these relative contributions can vaxy with factors such as the 

dietary amino acid balance and amino acid supply relative to requirements. It is, 
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therefore, very unlikely that the UN isotope dilution technique @es reliable estimates 

of ENL when various diets are fed; it will oniy give reliable estimates if d sources 

of endogenous gut N, including N in the various precursor pools, are uniformly 

labelled (de Lange et al., 1990, 1992; Moughan et al., 1992). *N-labelled substances 

are often very expensive and this may limit the usefulness of this method. The "N- 

l a b e h g  of dietary protein poses little concerns as far as uniformity of labelling is 

concerned; when UN derived from fertilizer is incorporated into plant proteins, the 

label is (unifody) dismiuted over al1 amino acids (e.g. Leterme et al., 1994a). 

However, 'N supplied by dietary amino acids can be quickly be absorbed and 

incorporated into body protein thus complicating the differentiation of non-digested 

nitrogen and ENL (Leterme et al., 1994a; Roos et al., 1994; Tamminga et al., 1995). 

24-43 HomOargmme &ch+e 

This is a relative& new technique involving transformation of dietary lysine to 

homoarginine (HA) through a guanidination process (a reaction with O- 

methylisourea). This technique was fist suggested by Hagemeister and Erbersdobler 

(1985) and allows a dinerentiation between dietary lysine (converted to HA) and 

endogenous gut lysine. Absorbed HA may be hydrolysed by arginase, which is present 

in the liver, to lysine and urea. Prerequisites for an effective use of this method 

include: 1) uniform, or almost complete, guanidination of lysine in test protein, 2) 

guanidination does not affect protein digestibility, 3) HA is not hydrolysed to urea 

and lysine in the gut, 4) HA is absorbed and metabolized like amino acids, 5) HA 
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does not re-enter the digestive tract, Le. it is not used for protein synthesis, and 6) 

the presence of HA in the plasma or in the gut, perse, does not affect endogenous 

nitrogen loss (Drescher et ai., 1994; Marty et al., 1994). 

The suitability of this method for direct estimation of endogenous lysine flow 

and true lysine digeshbilities has been demonstrated in a number of studies 

(Rutherfurd and Moughan, 1990; Schmitz et al., 1991; Marty et ai., 1994). However, 

since homoarginine is not used for protein synthesis, this technique may ody be used 

for a short tirne to avoid lysine deficiency. Tews et ai. (1986) in a study with rats have 

shown that addition of an arnino acid analogue (e.g. homoarginine) to a diet that is 

limiting in a natural amino acid (e.g. lysine) c m  induce an amino acid imbalance. 

However, if HA is rapidiy hydrolysed by arginase in the ber to lysine and urea and 

HA serves as an effective source of lysine to the animal, then this concem is 

unjustifîed. The fact that optimum guanidination conditions may Vary for individual 

protein and that near complete guanidination is not always achieved may impose 

some limitations on this method (Maga, 1981; Ruthemird and Moughan, 1990; de 

Vrese et al., 1994). So far this method has Iargely been used with diets having just 

one, purified protein source. A key requirement, however, for any method is that it 

has to be applied to a wide variety of feedstuffs. It needs to be determined whether 

this method can be equally employed to measure endogenous nitrogen flow when 

feeding practical diet containing more than one protein source, and in particular 

where plant proteins are being evaluated. With this rnethod, the true digestiiility of 

amino acids other than lysine are not directly determined. Instead they are estimated 
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based on an assumed relationship between lysine and other amino an& in 

endogenous nitrogen (de Lange et al., 1990; Marty et al., 1994; Boisen and Moughan, 

19%). 

2.4.4.4 P@ almierilatin tdh#h&n method 

In this method (also referred to as enzymatically hydrolysed casein, EHC), h t  

suggested by Moughan et ai. (1990), animais are fed a diet in which the sole nitrogen 

source is e~lzymaticaily hydrolysed wein. Hydrolysed casein contains approximately 

56 % fiee amino acids and 41 % di- and tri-peptides (kterme et al., 1994b). It is 

assumed that dl endogenous nitrogen is present in fiactions with molecular weight 

greater that 10,000 Da. Therefore, by separating low (4,000 Da) and high (> 10,000 

Da) molecular weight nitrogen compounds in the iieal digesta a distinction is made 

between any unabsorbed exogenous nitrogen and nitrogen of endogenous origin. In 

order to achieve this separation, protein precipitating agents like perchloric acid and 

tnchloroacetic acid have been tested but found to be unsuitable (Darragh et al., 1990; 

Moughan et al., 1990). As an alternative, Moughan et al. (1990) suggested separation 

of protein in ileal digesta immediately after collection by centrifugation and 

ultrafiltration in which low molecular kactions (amino acids and peptides) are 

removed in the supematant. Any free amino acids and small peptides of endogenous 

origin present in ileal digesta are discarded as well. However, according to Moughan 

and Schuttert (1991) free and peptide-bound are only a small proportion (11 %) of 

ENL. This suggests that any endogenous nitrogen Iost in the supematant is likeiy to 
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result in siight underestimation of ENL However, the exact proportion of these 

components need to be clearly determined to enhance the reiiability of this method. 

Butts et al. (1992) and Marty et ai. (1994) reported values of 21 and 9.2 %, 

respective@, suggesting the presence of considerable variation in the contribution of 

fkee and peptide-bound amino acids to ENL 

h s s  of material during sample preparation (centrifugation and ultrafiltration) 

may also lead to lower estimates with this method (Butts et al., 1993a). A major 

restriction of the peptide alimentation ultrafiltration method is the faa it cannot be 

used to estimate endogenous protein secretion where there is a direct association 

between protein and dietary factors that are known to ifluence endogenous secretion 

and ENL (e.g. in diets containing practical ingredients and/or high Ievels of ANFs). 

Donkoh et al. (1995) indicated that this method could be applied to feeds containing 

animal protein sources such as meat and bone meai. 

24.45 Compmison of redviiques for maakng endogeMw N h e s  

No study has evaluated the above five techniques ail together probably 

because of the considerable amount of resources thk will require. Moreover, most 

studies comparing some of these techniques have used rats as models for pigs. h 

Table 2.3, some values on digestibility and endogenous flow of protein and amino 

acids obtained with different methods within studies are summarised. It is evident 

£tom these data that observed ENL and endogenous amino acid losses differ for the 

various methods. Feeding protein-free dieu and the regression method give similar 
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Table 2.3. A cornparison of amounts (mg kg-') of endogenous nitrogen and lysine 
estimated using different techniques and within studies 

Endogenous losses 

Method N LYS Reference 

Protein-fiee diet 
Regression 

EHC 
Protein-fkee diet 
Regression 

Protein-fiee diet 
EHC 

'?hl-isotope di1 
EHC 

- Roos et ai. (1994) 

354 Mariscal-Landin et ai. 
382 (1 995) 

275 Donkoh et ai. (1995) 
172 
168 

252 Butts et ai. (1993a) 
448 

- Schulze et ai. (1995a) 



values. The study of Roos et al. (1994) indicates that the homoarginine technique 

results in higher ENL in comparison to the 'N isotope techique in which &e dietary 

protein, rather than the animal protein, was labelled. This observation is atmbuted 

to the fact that with the UN method some of the label is absorbed, incorporated into 

fast tuming over gut proteins, and re-secreted into the gut. The EHC method gives 

higher estimates of ENL as compared to both the protein-Eree diets and the 

regression method. It appears that the EHC method induces high ENL compared to 

feeding a diet with assumed 100% protein digestibility. This raises the question 

whether feeding smaii peptides is more representative than feeding intact proteins 

to determine the effects of specific dietary components (e.g. fibres, ANFs etc) on 

ENL. In a direct comparison, the resuits obtained with the EHC method were similar 

to those obtained with the *N-isotope dilution technique (Schulze et al., 1995a). 

The results of studies summarised in Table 2.3 and other studies (e.g. de 

Lange et al., 1990; Makkink and Heinz, 1991; Souffrant, 1991; Huisman et ai., 1992; 

Leterme et ai., 1994b; Marty et al., 1994; Jansman et ai., 1995; Schulze et al., 1995) 

suggest that conventional methods resuit in an underestimation of ENL in pigs fed 

protein containing diets. Moreover, results obtained with the *N-isotope dilution 

technique (where the animal protein, rather than the diet protein, is labelied), the 

HA technique and the EHC method agree reasonably weU when comparable diets 

are fed. This is in spite of the fact that these techniques are distinctly dinerent and 

require different assumptions for estimating ENL Fin* these results show that 

observed ENL are highly variable. This wodd imply that there should be 
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opportunities to reduce ENL and to improve the overali efficiency of using dietary 

energy and amino acids for meat production (see Section 2.4.3) 

2 4 5 D i e t m y ~ ~ f ~ N S e Y x e d O m  

Secretion and/or re-absorption of endogenous nitrogen is influenced by many 

factors, including body weight, diet protein quality and content, diet fibre content, dry 

matter intake and the presence of anti-nutritive factors (ANFs). Table 2.4 @es some 

selected values reported on the amount of iieal endogenous amino acids and nitrogen 

flow as affected by some of these factors. 

2 4 5 . 1 D r y m a r t e r i n r o k c m r d b o d y ~  

Literature contains contradicting evidence on how dry matter intake @MI) 

innuences the recovery of endogenous amino acids and nitrogen at the terminal 

ileum. For instance, Butts et al. (199%) measured signincant increases fiom 14.52 to 

32.59 and 2.77 to 5.9 g 6' for ileal amino acids and nitrogen when DM1 was increased 

fkom 0.9 to 2.17 kg bl, respectively. On the contrary, Fmya and Kaji (1992) 

observed no such effects when DM1 was increased by almost a similar magnitude. 

Part of these differences can be attnbuted to differences in methodology and/or diet 

composition; Butts et al. (1993b) used the EHC method while Furuya and Kaji (1992) 

fed protein-free dieu (see Sections 2.4.4.1, 2.4.4.4 and 2.4.4.5). It is suggested that the 

results from BUES et al. (1993b) are more reliable as these were obtained under more 

physiological conditions. 



Table 2.4. The efféct of various factors on ileai endogenous amino acids (ody those 
measured in all d e s )  and nitrogen fîow 

Fibre g/kg 
Cellulose 
30 
120 

Trypsin inhibitors 
9.5 
14.9 

CP quality 
skim rnilk 
soyabean meai 

T C  EHC I 

T C  PF 2 

IRA 

IRA 

T-C PF 5 

T-C HA 6d 

PVTC ')N f" 

ST EHC 8 

PVTC '% 9 

Technique w d  to collect ilcal digesta: T-C = simple T-canula; IRA = ileorrctal anastomosis; PVTC = p o ~  
valve T-canuh; ST = slaughter technique. 

method w d  to estimate endogenous losses: EHC = enzymatically hydmlysd -ah; PF = pmtein-fm diec 
HA = homoarginine labelling; '% = '%-isotope dilution. 

Refemces: 1, Buûs et al. (1993b); 2, Furuya and Kaji (1992); 3, Letexme ct al. ( l m ) ;  4, Green et al. 
(1987); 5, de Lange et al. (1989a); 6, Marty et al. (1994); 7, Schulze (1994); 8, Butts et al. (1993a); 9, 
Makking and Heinx (1 991). 

Trypsin inhibitors exprcssed as trypsin inhibitor ni t s  mg' of cmde protein. 
Trypsin inhibitors expressed as mg of Trypsin inhibitor activity g-' of air-dry material; 
' With (+) or without (-) protein in the diet 
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Apparently the effect of DM1 on ENL is closely related to the arhal's body 

weight. In a recent study by Marisd-Landin et al. (1995) ENL was significantly 

higher in &kg pigs consuming about 60 g DM kg" metaboiic body weight (kg-n) as 

compared to 39-kg pigs consuming approximately 70 g DM kg-' metabolic body 

weight (kg'."): 2.25 vs 1.83 g N kg-' DM. According to Funn/a and Kaji (1992) D M  

has no effect on ENL in 49- or 92-kg pigs fed at Iow intake levels. ENL was, 

however, significantly increased from 3.6 g to 7.3 g d-' when the feed allowance for 

80-kg pigs was increased from 1 to 3 kg d-' (Fuller and Cadenhead, 1991). These data 

impIy that at low feed intake leveis, ENL is reiated more to animal size than DM1 

perse; at high feed intake Ievels ENL is more closely related to DMI. In the studies 

reported by Fuiier and Cadenhead (1991), Furuya and Kaji (1992), and Mariscal- 

Landin et al. (1995), ENL was estimated by feeding protein-free diets or by using the 

regression method Therefore, some care should be taken in the interpretation of 

these results. A £inal point is that more information is required to determine whether 

expressing ENL on the bais of variables other than feed intake (e.g. per unit of 

intake of indigestible materials, water-holding capacity of fibre, etc.), better explains 

variation in the recovery of ENL at the distal ileum in pigs fed different diets. 

However, it appears that the response to the intake of dry matter (and possibly other 

dietaxy factors) depends on the Ievel of protein in the diet [e.g. Butts et al. (1993b) 

vs Furuya and Kaji (1992); Table 2.41. 



2 4 5 2  Anti-nutdiw foctcns 

ANFs that are naturdiy present in feedstuffs have been reported to increase 

geai endogenous nitrogen flow in pigs. Of the common ANFs, -sin inhiiitors 

(Barth et al, 1993; Marty et al., 1994; Schuize, 1994), lectins (Schulze, 1994) and 

tannins (Cousins et al., 1981; Mitani et ai., 1984; Jansman et al., 1995) have been 

shown to elevate the amount of endogenous amino acids and nitrogen passing the 

terminal ileum substantialIy. Tannins are hown to interact with both dietary and 

endogenous nitrogen in the digestive tract and cause decreased m e  amino acid 

digestiiiiities as well (Jansman, 1993). ANFs increase the amount of ENL either by 

enhancing endogenous secretions and/or by decreasing degradation and re-absorption 

of endogenous nitrogen. It has not been clearly established as to which of these two 

is more important. Results of Barth et al. (1993) and Huisman et al. (1992) suggest 

that ANF such as trypsin inhiiitors may be enhancing endogenous secretions rather 

than impairing digestion of dietary protein and amino acids. Consuraption of 3000 mg 

of trypsin inhibitor in a casein-based diet caused a 7.û-fold rise in the recovery of 

endogenous protein secretion compared with exogenous protein (Barth et al., 1993). 

It is clear that the effect of ANFs on ENL and true N and amino acid digestibilities 

can be substantid, particularly at low dietary protein level and are often larger than 

the effects of dry matter intake and body weight (Tamminga et al., 1995). 

2.453 Dieuayfam w~ and q d d y  

Although dietary fïbre refers to a wide range of chernical components with 
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unique physical properties and physiological effects (Graham et al., 1991), many 

studies have demonstrated that it influences ENL in the gut of monogastric animals. 

De Lange et al. (1989a) and Taverner et al. (1981) have both measured increased 

recovery of endogenous amino acids at the terminal ileum of pigs fed protein-kee 

diets and increasing arnounts of specific dietary fibres. In the study by de Lange et 

al. (1989a), the effea of purified peain on ENL was much larger than that of 

purified cellulose in pigs fed protein-free diets. This indicates that dinerent fibres 

have dinerent effects on ENL. However, it is poorIy understood as to how Brous 

components of the diet act to enhance ENL. Secretions of pancreatic juices 

(Partridge et al., 1982), bile (Portman et al., 1985), mucous (Satchithanandam et al., 

1990; Mosenthin et al., 1994) are reported to be increased with increasing intakes of 

various dietary fibres such as pectin and cellulose. AIthough fibre is reported to 

increase endogenous secretion either by sloughing of the epithelial ceb  due to its 

physical nature (Sauer et al., 1976; Shah et al., 1982) or by adsorbing peptides and 

amino acids and digestive enzymes (Schneeman, 1978,1982; Bergner et al., 1981) and 

therefore reducing their digestion and absorption, it is still unclear from the literature 

which of the two is more important. Moreover, dietary fibre may have a direct effect 

on the size of visceral organs and rnay thus affect N (and energy) metabolism as well 

(see Section 2.4.3). For instance, Taverner et al. (1981) could not observe any signs 

of epithelial cell loss due to abrasion when feeding high dietary cellulose levels. 

Recent studies on the siiificance of fïbre viscosity in nutrient digestion, absorption 

and ENL in rats (Ikegemi et al., 1990; Larsen et al., 1993) indicate that recovery of 
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nitrogen and amino acid at the terminal ileum is higher when feeding nbres of high 

viscosity (e.g. carbomethylcellulose and sodium alginate) compared with low viscosity 

fibres (e.g. cellulose and calcium alginate). The observation of de Lange et al. (1989a) 

may be explained by differences in the vïscosity of pectin and cellulose nbres. Based 

on their results, Ikegemi et al. (1990) suggested that increased viscosity reduces 

diffusion of both substrates and enzymes thus hindering their effective interaction at 

the mucosal level. Consequentiy, the animal responds by increasing endogenous 

secretions (e.g. increased mucin and saliva production to reduce viscosity) and hence 

enhanced ENL. Although these studies do give some indication of the importance of 

the chernical properties of fibre, the results may be inconclusive since viscosity was 

ody determined in the fibre and not in the digesta. Furthemore, whether puriiïed 

forms of fibre added to semi-synthetic diet are a true representation of the properties 

of inherent fibre in feedstuffs is open to criticism (e.g. Schulze et al., 1994b; 1995b). 

2.4.S.4Dietmypmtern quoliry Md quant@ 

It has been ampiy demonstrated that the arnount of endogenous nitrogen 

secreted into the gut lumen increases substantially with increasing dietary protein 

levels (e.g. Snook and Meyer, 1964; Ikegemi et ai., 1975; Percival and Schneeman, 

1979; Moughan and Rutherford, 1990; Berger et al., 1994). Both protein and 

peptides are potent stimulants of endogenous secretion in the gut (Schneeman, 1982; 

Darragh et al., 1990; Butts et al., 1993a) and the quantities of secretion vary with 

protein quality, i.e. the true protein digestibility. In generai the presence of exogenous 
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protein in the gut appears to slow down the breakdown of endogenous protein 

(Snook and Meyer, 1%4) although this alone may not explain the observed increase 

in ileal endogenous protein content. It is possible that dietary proteins both stimulate 

endogenous protein secretion and reduce degradation and absorption of endogenous 

protein. According to Percival and Schneernan (1979) and Ikegemi et al. (1975). 

substantial quantities of digestive enzymes may accumulate in the gut due to a low 

rate of breakdown rather than stimulation of secretion when poor quality protein is 

fed. This in turn will increase ENL 

From the foregoing sections, it is clear that direct cornparisons of the effects 

of various factors may be inappropriate due to differences in methodology, animal 

size and level of specinc factors included in the diet. However, it is generally evident 

(Table 2.4) that ileal endogenous amino acids and nitrogen flow are substantidy 

elevated by various dietary factors. Understanding what factors in different feedstuffs 

used in pig feeds favour large endogenous nitrogen secretions and how they can be 

manipulated to reduce ENL is certaidy important in studying amino acid and energy 

utilization in pigs and other farm animais. It should be noted that a minimum amount 

of endogenous secretions are required for normal digestion of dietary nutrients and 

that there wiU be a limit to the extent that ENL can be reduced. 

25 Approaches to 
. a .  Endogenous N Losses 

25.1 PImrr bnedmg STW&S 

Plant breeding and selection offer a means of etiminating factors fiom 
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feedsnrfo; that are responsible for increased ENL (andfor poor nutrient utilization), 

such as ANFs and specifïc fibres. Examples include the development of soybean 

varieties that are low in specific anti-trypsins (Hywowitz, 1986) and of faba bean 

varieties that are low in condensed tannins (Jansman, 1993). However, these 

strategies often take a long a time before desired results are obtained and in some 

cases elimination of factors that favour high amounts of ENL resdts in other 

problems. For instance, elimination of tannin in sorghum predisposes the crop to 

more Pest damage while in the field thus l o w e ~ g  yields (Bdard et al., 1980). Plant 

breeding therefore may not give immediate solutions to ENL particularly in areas 

where ingredients that cause high amount of ENL are the only alternative. 

Various techniques such as high pressure combined with heat treatment, 

physical or chernical dehulling are ftequently used as a means of improving the 

feeding value of several feed ingredients. Heat treatment has been used in various 

forms to inactivate trypsin inhiiitors, an important ANF in soybeans. Studies, such 

as reported by Marty et al. (1994), have shown that ingredient processing can reduce 

ENL in pigs. However, heat treatments need to be conducted under closely 

controlled conditions to avoid reducing the availability of amino acids, particularly 

lysine (Van der Poe1 et al., 1990). Physical dehullùig (removal of seed coat) c m  be 

effective when the factors responsible for poor nutrient utilization (fibre, ANFs) are 

located in the seed coat. Dehuhg of tannin- and trypsin inhibitors-containing 
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feedstuffs (Chibber et al., 1978; Jansman, 1993; Grala et ai., 1998) has been show to 

improve nutrient utikation by monogastric animais. Feeding pre-germinated 

feedstuffs with high levels of ANFs reduces endogenous gut protein loss (Table 2.5; 

Schulze et al., 1994a). These researchers found a sipnincant reduction in ileal crude 

protein loss and total amino acids passhg the terminai ileum kom 51.9 to 27.4 and 

48.6 to 21.4 g kg DM", respectively, as a result of germination. Chemical dehulling 

acts by reacting with the ANF (particdarly tannins) present in the seed coat. 

Chemical dehulling requires that the right amounts are used to avoid damaging some 

nuîrients and not to disrupt the acid base balance of the animal (Schune and Smith, 

1991). Dehulling equipment is often expensive and other useM nutrients may be lost 

dong with the hull thus posing some concerns with such techniques. Similarly, as 

noted by Huisman et al. (1990) in their review on antinutritional factors in pig 

production, one needs to be carefd with different processing methods since they can 

idluence the nutritional quality through interactions between nutrîents and factors 

that favour increased ENL. 

253 uk? ofsyithetic enrymes 

There are several types of enzyme preparatiow used to inactivate ANFs, 

ordegrade fibres, that are present in feedstuffs to enhance nutrient utilization. 

Although some studies with both poultry (Bedford and Classen, 1991; Bedford, 1993) 

and pigs (Inbon et al., 1991, 1993; Danielsen, 1994; Li et al., 1994) have found 

positive effects of enzyme supplementation on animal performance, othen (Graham 
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Table 2.5. ileal digestibilities (%) of protein and amino acids and the amount of 
endogenous protein and total amino acids passing the terminal ileum in growing pigs 
fed casein-based diets supplemented with raw, germinated or porcine pancreatin-treated 
beans' 

Parameter 

- - -  

Untreated raw Genninated Pancreatin 
beans beans treated bans  

Apparent CP digestibilty 74.3 86.8 

Apparent total amino acids 
digestibility 75.5 88.6 

True CP digestibility 88.1 93 -2 

lleal CP loss (g kg-' DM) 51.9 27.4 

Total AA passing terminal 
ileum (g kg-' DMI) 48.6 2 1.4 

" After Schulze et al. 1994a. 



et al., 1986; Thacker et ai., 1988, McCiean and McCraken, 1992) did not observe any 

improvements in animai performance. This rnay be pmtiy explained by variations in 

activity of the enymes used, their stability during feed manufactunng and passage 

through the gastrointestinal tract, the rate of passage and viscosity of digesta in the 

gut, and the characteristics of their substrates (Inbon and Bedford, 1994; Fthenaskis 

and Kyriazakis 1994; van der Meulen et al., 1994). For those studies reporting 

positive effects, there is no clearcut understanding of how exogenous enyme 

supplementation causes improved animal performance. However, it appears that 

these enzyme preparations help in breaking or disrupting the non-structural 

polysaccharides of the endosperm ceil wall thus releasing entrapped nutrients for 

digestion and improve nutrient utilkation by reducing digesta viscosity (Chesson, 

1993). Inborr et al. (1993), in an experiment with early-weaned pigs, found reduced 

endogenous enzyme secretion with dieu supplemented with exogenous enzymes. 

Jensen et ai. (1994) similarly measured reduced protein content in pancreatic juice 

£rom starter pigs fed enyme-supplemented diets. Results of these studies indicate 

that addition of exogenous enzymes to animal feeds have a sparing effect on 

endogenous enzyme secretion and iikely a reduction in ENL. Whether exogenous 

enzymes improve animal performance just by reducing digesta viscosity is 

controversial, and as reported by Inborr et al. (1991), this rnay not wholly explain the 

improved animal performance. Exogenous enzymes may be facilitating fibre 

breakdown which in turn wili reduce ENL £rom the gut and therefore aliow better 

protein utilization. This aspect is, however, yet to be studied. 
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2 6  Conchisions 

In this review it has been attempted to demonstrate the significance of ENL 

at the distal ileum in pig nutrition. Most studies cited in t1h.k review focused on 

methodologies to estimate ENL, and on the effects of dietary components on ENL 

and tnie N and amino acid digestibilities. Few studies have been conducted to 

determine the actual rnetabolic cost (including changes in maintenance energy and 

amino acid requirements) associated with changes in ENL. It is concluded that the 

cowentional methods (feeding protein-fiee diets, feeding diets with an assumed 100% 

digestibility, regression methods) underestimate ENL in pigs fed protein-containing 

diets. Alternative techniques (such as the %isotope dilution technique, the 

h o m o a r m e  technique, and the enymatically hydrolyzed casein method) all have 

some limitations for routinely measuring E N L  The HA technique will likely become 

a method of choice for determining ENL in a wide range of feedstuffs, provided that 

a representative fkaction or ali of lysine in these feedstuffs is converted to 

homoarginine. Based on an increasing number of observations, obtained with these 

alternative techniques, ENL appear to be highly variable and aEected by factors such 

as body weight, dry matter intake, and the contents of anti-nutritive factors, fibres and 

(digestible) protein in the diet. A reduction in will improve the efficiency of 

using die- amino acids and energy for pork production. Therefore, the specfic 

components in pig feed ingredients that cause these losses should be identified In 

addition, means to inactivate or reduce the levels of these components in pig feed 

ingredients (breeding and selection, ingredient processhg, synthetic enzymes) should 
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be evaluated. Continued research is required to further develop methodologies to 

accurately quantify ENL under varying conditions and to quantify the total metabolic 

cost associated with ENL 



CHAPTERIII 

Guanidination of LySme in Casein, Barley, and Canola M d  

3-1 Abstract 

In order to estimate true ileai amino acid digestibilities in feedstuffs for pigs, 

it is important that a distinction is made between the undigested dietary and 

endogenous amino acids present in the iled digesta. Dietaq guanidinated proteins 

can be used to differentiate between undigested dietary and endogenous lysine in 

intestinal digesta provided that a representative part of dietary lysine is converted into 

homoarghine (FIA) during guanidination. This is likely achieved at high lysine 

conversion rates. The effecî of methylisourea (MIU) concentration and incubation 

period on the extent of h ine  guanidination in casein, barley and canola meal was - 

studied. Conversion rates were higher in casein than in barley and canola meal and 

were affected by both MIU concentration and reaaion period. Treatment with 0.4 

M MIU for 4 or 6 d gave guanidination rates of 72.5 % and 78.5 % for barley and 

72.3 % and 75.2 % for canola meai, respectively. M e r  6 d, treatment with 0.5 M 

MIU solution gave conversion rates of 88.0 % and 84.6 % for barley and canola 

meal, respectively, and, therefore, these conditions are recommended for 

guanidination of lysine in barley and canola med. 

3.2 Introduction 

There is increasing evidence suggesting that pig feeds should be formulated 
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based on true rather than apparent ileal amino acid digestibuüties (Moughan, 1995; 

Nyachoti et al., 1997b). In order to estimate tnie ileal amino acid digestibilities in 

feeds- for pigs, a distinction must be made between the undigested dietary (ie. 

exogenous) and endogenous amino acids present in the ileal digesta. As a means to 

diffetentiate endogenous £rom exogenous lysine, a method in which dietary lysine is 

chemically converted to homoarginine (HA) in a guanidination reaction with 

methylisourea (MIU) has been suggested (Hagemeister and Erbersdobler, 1985). 

When using this method, it is important that a representative (random) proportion 

of dietary lysine is converted into HA; a requirement that is likely achieved with high 

guanidination rates (Ruthemird and Moughan, 1990; Siriwan et al., 1994). The extent 

of guanidination is known to v q  with incubation conditions and protein source thus 

suggesting differences in optimal guanidination conditions (Maga, 1981; Rutherfurd 

and Moughan, 1990). For instance, Siriwan et al. (1994) found a 66.1 % conversion 

in casein while others report values ranging from 89-99.6 % (Schrnitz et al., 1991; 

Barth et al., 1993; Imbeah et al., 1996). Values for isolated soy protein range fiom 

6û-83 % (Ruthemird and Moughan, 1990; Siriwan et al., 1994) while in soybean meal 

and full fat soybeans, more conventional feedstuffs, about 63.1-79.8 % of the lysine 

was transformed into HA (Marty et al., 1994; SirniVan et al., 1994; Imbeah et al., 

1996). Furthemore, this technique was developed using purified proteins and has had 

limited application in studies invoiving practical feedstuffs. Consequently, for the HA 

method to be routinely used for determinhg true digestibilities, it is essential that it 

is evaluated with a wide range of feedstuftî (particularly plant proteins sources) 
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commody used in pig diets to establish optimal guanidinatim conditions. 

The objective of the present study was to determine the extent of conversion 

of iysine to HA in barley, canola meal and casein and to establish how this is 

innuenced by changing some of the reaction conditions. 

3 3  Materials and Methods 

O-methylisourea (O-MIU) (Pfalzer & Bayer, Connecticut, OH), barium 

hydroxide, hydrochloric acid (reagent grade), and sodium hydroxide (Sigma 

Chemicals, St Louis, MO) were used in this study. Methylisourea (MU) solution was 

prepared by reacting O-MKJ with barium hydroxide followed by centrifugation at 

4,000 x g to remove the precipitated barium sulphate. Casein (89 % CP, Prairie 

Micro-Tech Inc., Kitchener, ON), barley (12 % CP) and canola meal (36 % CP) were 

used in this study. Barley and canola meal were ground to pass through 1 mm screen 

before use. 

This study was conducted in two consecutive assays. In Assay 1, the procedure 

descnied by Schmitz et al. (1991) was used to determine the guanidination rates in 

casein, barley and canola meal. Briefly, duplicate samples of each ingredient 

containing 200 g of crude protein were soaked in 1 L of double distilled water and 

then mixed thoroughly with 1 L of 0.4 M MIU solution. The pH of the mixture was 

adjusted to 10.5 using 1 M NaOH before incubating the mixture in a fridge set at 4 

OC (to minimi.le isomerization of amino acids) for 4 d. Based on the results of Assay 

1, Assay 2 was conducted to investigate the effects of increasing both the MIU 
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concentration and the time of incubation on the extent of lysine conversion to Hk 

Duplicate sarnples of each ingredient were mixed with either 0.5 or 0.6 M MIU and 

incubated for either 4 or 6 d. Another set of samples was reacted with 0.4 M MIU 

and incubated for 6 d only. In both assays, the pH was monitored twice daily and 

adjusted accordingly and the material thoroughly stirred to ensure uniform conditions 

in the mixture during incubation. At the end of incubation, the guanidination reaction 

was stopped by lowering the pH to the isoelectric point of each ingredient (casein, 

4.5; barley, 5.6; canola meal, 4.6) using 1 M HCI (Sosulski and Bakal, 1969; Preaw 

and Lontie, 1975). Samples were then cenuifuged at 4,000 x g and 4 OC to recover 

the guanidinated protein. Unreacted MIU was removed by re-suspending the 

precipitate in water adjusted to the isoelecmc pH of each protein and centrifuged 

again. The latter was repeated thrice, each time discarding the supernatant. The clean 

samples were then freeze-dried, fhely ground (barley and canoia meal) and anslyzed 

in duplicate for HA and lysine by high performance liquid chromatography following 

hydrolysis with 6 N HCl in sealed, evacuated tubes at 110 OC for 24 h (Bidlingmeyer 

et al., 1987). The percentage conversion of lysine to HA was cdculated as: 

% conversion- x 100 
MC, + M=L~s 

where M C ,  and MG,, are the molar concentrations of HA and lysine, respectively. 

Data were statistically anaiyzed using the GLM procedures of SAS (1985). 



3.4 R d t s  and Discilssim 

Both barley and canola meal formed a thick gmel once mked with MIU and 

the pH adjusted to 10.5 thus making it more di"cult to maintain a homogenous 

reaction mixture as compared to the casein sample. During washing and 

centrifugation to remove unreacted MIU, barley formed a very hard pellet that 

required a considerable amount of tirne to pulverize between washings. However, a 

simple procedure for large-scale guanidination of casein and soybean meal, a practical 

ingredient, recently described by Imbeah et al. (19%) may help overcome such 

difficulties. 

The rates of conversion (%) of lysine to HA in casein, barley and canola meal 

are presented in Table 3.1. The extent of guanidination in casein (89.2 %) obtained 

in the present study fall within the range of lysine conversion of 6899.6 % reported 

in the literature (Schmitz et al., 1991; Barth et al., 1993; Siriwan et al., 1994) and was 

higher (P < -05) compared to conversion rates observed in barley and canola meal. 

Conversion rates in barley and canola meal in Assay 1 were 72.5 and 72.3 %, 

respectively (Table 3.1). Published data on barley and canola meal are not available. 

However, guanidination levels obtained in the present study for barley are 

substantially higher than reported for other cereals like corn (57.3 %), sorghm (61.2 

%) and wheat (62.6 %) (Siriwan et al., 1994). In canola meal, guanidination was 

within the range of values (63.1-79.8 %) reported for soybean meal, a similarly 

processed feedstuff (Marty et al., 1994; SViwan et al., 1994; Imbeah et al., 1996). 

Higher conversion rates couid be expected for canola meal than barley since the 

47 



Table 3.1. Effect of incubation period and methylisourea concentration on the rate 
(%) of lysine conversion into homoarginine in casein, barley and canola meal 
proteinsl 

Methylisourea concentration (M) 
Incubation Protein 
~eriod source 0.4 0.5 0.6 

4 days Casein 88.3 $r 0. P 95.3 k0.T 95.1 k0.6' 

Canola meal 72.3 & 0.P 81.3 t 0.P 86.6 2 O.Sa 
- -- 

6 days Casein 93.42 1.2" 95.62 1.gb 9 5 . 0 ~  1.2b 

Bar le y 78.5 2 0.4" 88.01 2.2b M V  

Canola meal 75.2&0.5" 84.620.4k 82.5 2 0.6b" 

1 values are mean i standard deviation of two individuaiiy treated sampIes 
2 missing value 
8bc means for each protein source within a row having a mmmon superscript are not significantly 
dinerent (P > 0.05) 

means for each protein source between days and within a wlumn having a common superscript are 
not signiücany dinerent (P > 0.05) 



former is a processed product in which protein is Iikely more accessible when exposed 

to MIU than in barley. 

Assay 2 showed that the extent of lysine guanidination in al1 three ingredients 

is affected by MIU concentration and penod of incubation (Table 3.1). There was an 

increase in the extent of guanidination as the M W  concentration was increased nom 

0.4 to 0.5 M in aii three proteins. A further increase in MIU concentration to 0.6 had 

inconsistent effects on the extent of guanidination in Merent proteins thus indicating 

the presence of interactions between the protein type and guanidination conditions 

(Table 3.1). Under the conditions of the present study, increasing the MIU 6 

concentration beyond 0.5 M had no further guanidination in casein and barley after 

4 or 6 d but a signincant improvement (P c .05) was observed in canola meal after 

4 d. This observation agrees with data reported by Maga (1981) but contradicts 

recent findings by Imbeah et al. (1996) suggesting that increasing MIU concentration 

fkom 0.4 to 0.6 M results in equal levels of guanidination. Lengthening the incubation 

penod from 4 to 6 d resulted in signincant (P < -05) increases in the extent of 

guanidination in ail proteins when reacted with 0.4 M solution and only in canola 

meal was the effect of incubation period substantial (P c .OS) when reacted with 0.5 

or 0.6 M MPU solutions. 

The whole purpose of converting dietary lysine to HA is to use it as a means 

of distinguishing exogenous fkom endogenous nitrogen present in ileal digesta. Ln 

order to reliably apply this technique for this purpose, it is important that a 

representative (randorn) proportion of dietary lysine is converted into HA (other 
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assumptions are discussed in Chapter LI, section 2.4.4.3). This is unlikely achieved at 

low levels of guanidination as shown by Siriwan et al. (1994). It was not determined 

whether or not a representative proportion of lysine was guanidinated in the protein 

sources used in the current study. However, given the high levels of guanidination 

obtained in barley and canola meal when treated with 0.5 M MIU for 6 d, it is Wrely 

that conversion of a representative proportion of lysine was indeed achieved. It has 

been shown that the degree of randomness in lysine conversion into HA increases 

with guanidination rates (Ruthefird and Moughan, 1990; Siriwan et al., 1994). 

The current study and others (Maga 1981; de Vrese et al., 1995; Irnbeah et 

al., 19%) show that the extent of guanidination of lysine varies with the protein 

source and the guanidination conditions used and that the extent of lysine conversion 

is higher in animal proteins than in plant proteins. It is not clear why low 

guanidination rates are obtained with vegetable proteins, but a close M a g e s  between 

protein and other vegetable polymers may limit effective interaction between MIU 

and lysine residues thus leading to lower conversion rates in plant proteins. Also this 

may indicate the relative chernical unavailability of lysine in plant proteins compared 

to animal proteins (Nair et al., 1978; Rutherfurd and Mo~ghm,  1990). 

35 Implications 

This study has s h o w  that the extent of guanidination varies with the protein 

type and the guanidination conditions used and that this can be improved by 

identifying optimal guanidination conditions for dinerent protein sources. However, 
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care must be taken to ensure that such manipulations do not interfere with the 

digestibility of treated material. It is suggested that for barley and canola meal, a 0.5 

M MIU solution and 6 d  incubation period shodd be used. 



EstÏmathg Endogenous kkmino Acid Flows at the Terminal Ilemn and Tme deal 
Amino A u d  Digesn ies  m Feeâstd& for Growing Pigs Using the Homoarginine 

Methodf 

4.1 Absûact 

True ileal lysine digesb'bilities were determined using the hornoarginine 

method (HAM) in casein-, barley-, canola meal- and barley-canola meal-based dieu 

fed to growing pigs. Four Yorkshire barrows (25 to 49 kg BW) equipped with ileal 

T-carnulas were fed one of the diets according to a 4 x 4 latin square design. AU 

diets, except for the barley diet, were formulated to be simitar in DE:CP ratio. Deal 

digesta was collected continuously for 24 h on d 7 and 9 of each experimental period 

for determinhg apparent and true ileal digestibilities, respectively. True ileal lysine 

digestibility and endogenous flows were determined by feeding dieu in which 50 % 

of the protein containing ingredients was guanidinated; the conversion of lysine to 

homoarginine (HA) ailows for direct determination of tnie lysine digesbiiilities. The 

apparent iieal CP and amino acid digestibilities were higher (P < .05) in the casein 

diet compared to the barley, canola meal and barley-canola med diets. The CP 

digestibility was higher (P < .OS) in the barley-canola meal diet than in barley and 

canola rneal diets. Endogenous lysine losses were influenced by diet (P < .OS) and 

A version of th is  chapter has been published: Nyachoti, C.M., C.F.M. de 
Lange, and B. Schulze, 1997. E s t i n t a t i n g  endogenous amino acid flows at the 
terminal ileum and true i leal  amino acid digestibilities in feedstuffs  for 
growing pigs using the homoarginine method. J. Anim. Sci. 7 5 :  3206-3213. 



ranged beîween 586 to 1429 mg/@ DM intake. Tme ileal lysine digestibilities in 

barley, canola meal and barleycanola meai diets were similar (P > -05) and Iower 

(P < .OS) than in the casein diet. The true ileal amino acid digestibiiities were 

estimated for other amino acids. Unlike apparent digestibiüties, tme digestibilities - 

seemed additive in the barley-canola meal mixture. 

4.2 Introduction 

For accurate formulation of pig feeds in terms of amino acid supply, it is 

essential that amino acid availabilities in individual ingredients are determined and 

that these be additive in mixtures of ingredients. Apparent Seal amino acid 

digestibilities provide a reasonable estimate of amino acid availabilities in most pig 

feed ingredients (Sauer and Ozimek, 1986; Moughan, 1995). Recent studies suggest 

that endogenous gut N losses are higher than previously estimated and that 

differences in apparent digestiiilities between feedsruffs are attriibuted to diflerences 

in endogenous gut N losses rather than differences in true digestibilities (Marty et al., 

1994; Schulze et al., 1994b). 

To determine tme iieal amino acid digestibilities, the undigested dietary amino 

acids present in the ileal digesta should be differentiated fkom endogenous amino 

acids. The homoarginine (HA) method, which involves the transformation of dietary 

lysine to its amino acid analogue, hornoarginine, in a guanidination reaction with 

methylisourea, is a promising method for determining tme lysine digestibilities in pig 

feed ingredients (Hagemeister and Erbersdobler, 1985; Rutherfurd and Moughan, 
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1990; Marty et al., 1994). However, the HA method has not been tested with most 

commody used pig feed ingredients. 

The objectives of the study described herein were to determine endogenous 

amino acid flow at the terminal ileum using the HA method and to estimate true ileal 

amino acid digestiiilities in casein-, barley-, canola meal- or barley-canola meal-based 

diets fed to growing pigs. The barley-canola meal diet was included to dlow 

assessment of additivity of apparent and tnie ileal amino acid digestiiilities. 

43  Materials and Methods 

43.1 AMnals d HoecSmg 

Four Yorkshire growing barrows with an average initial BW of 25 kg were 

obtained from the University of Guelph ArkeII Swine Research farm for use in the 

present study. Pigs were housed in large .9 x 1.5-m adjustable metabolism cages with 

smooth, transparent plastic sides and tender foot flooa in a temperature-controiled 

(20 to 22°C) room. After a 7-d adaption period, pigs were surgicaily fitted with a 

simple T-cannuia (20 mm i.d.; Central Hydraulics Mfg. Co. Ltd, Edmonton, Alberta) 

at the terminal ileum foIlowing the procedures descnied by Sauer et al. (1983). The 

design of the cannulas was rnodified according to de Lange et al. (1989a). After 

surgery the pigs were immediate1y retumed to the metabolism cages and aiiowed a 

14-d recovery period. During this period they were fed twice daily increasing amounts 

3f a corn and soybean meal based grower diet and had unlimited access to water. 

The use of animals in the present study was reviewed and approved by the 
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Animal Care Committee of the University of Guelph and the pigs were cared for 

according to the guidelines of the Canadian Council on Animal Care. After the shidy 

the pigs were kïlled to determine if cannulation had caused any intestinal 

abnormalities. 

4 3 . 2 ~ n o f ~ ~  

Four diets were formulated to contain a similar DECP ratio (except the 

barley-based diet) (Table 4.1). Diet 1 was a semi-synthetic diet based on casein and 

comstarch that, based on previously reported data (Butts et ai., 1993a), was assumed 

to be highly digestible and was used to estimate the minimum endogenous N losses. 

Dieu 2, 3 and 4 contained barley, canola meal and a combination of barley and 

canola meal as protein sources, respectively. The barley and canola meal were ground 

in a hammer miU through a 2-mm screen before diet preparation. Cornstarch was 

used to supply energy in diet 3, and sucrose was included in diets 1, 3, and 4 to 

improve palatability. Vitarnins and minerals were supplemented to meet or exceed 

NRC (1988) recommendations. Chromic onde (.5%) was included in each diet as an 

indigestible marker for determining nutrient digestiiilities. 

For the estimation of tme ileai amino acid digestibilities and endogenous 

amino acid flows, sarnples of the four protein sources were guanidinated before diet 

preparation. The guanidination of casein was achieved by using the procedure 

desmied by Schmitz et al. (1991) and that of barley and canola meal was 

accomplished by increasing the rnethyiisourea (MW) concentration to 0.5 M and the 
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Table 4.1. Ingredient composition (%), calculated DE and DE:CP of the 
experimental diets (as fed basis) 

- - - - - - - - - 

Ingredient Diet 1' Diet 2 Diet 3 Diet 4 

Barley 

Canola meal 

Casein 

Corn starch 

Sucrose 

Lirnestone 

Dicalcium phosphate 

Fat (A/V blend) 

Iodized salt 

Vitamin premixb 

Mineral premm' 

Chromic oxide 

Calculated DE, kcaVkg 

DECP ratio 

' Diet 1, casein corn starch diet; Diet 2, barley diec Diet 3, canola meal diec Diet 4, barley-canola 
meaI diet. 
b Vitamin premix suppliai the foiiowing per kg of finished feed: Vit A, 12000 IU; Vit D, 1200 ILT; Vit 
E, 48, Vit K, 3 mg, choline, 600 mg; pantothenic acid, 18 mg; Ri'boflavin, 6 mg, Folic and, 24 nig; 
Niacin, 30 mg; Thiamin, 1.8 mg; Vit B, 1.8 mg; Biotin, 0.24 mg; Vit B, 0.03 mg. 

Mineral premix supplied the foiiowing per kg of Whed  feed: Cu, 15 mg; Zn, 100 mg; Fe, 100 mg; 
Mn, 20 mg; 1, 0.3 mg; Se, 03  mg. 



incubation p e n d  to 6 d as established in Chapter 3. Bnefly, material calculated to 

contain 200 g of crude protein were soaked in 1 L of double distilled water and then 

thoroughly mhed with a litre of MIU solution (0.4 M for casein and 0.5 M for barley 

and canola meal). The pH of the m0mire was adjusted to 10.5 using 1 M NaOH 

before incubating the mixture in a fridge set at 4 OC for 4 d (for casein) or 6 d (for 

barley and canola meal). The MllJ solution was prepared by reacting O- 

methylisourea (Pfalzer and Bayer, Connecticut, OH) with barium hydroxide (Sigma 

Chernid, St. Luois, MO) foilowed by centrifugation at 4,000 x g to remove the 

precipitated barkm sulphate. The pH was monitored twice daily and adjusted 

accordingly, and the material thoroughly stirred to ensure uniform conditions in the 

mature during incubation. At the end of incubation, the guanidination reaction was 

stopped by lowering the pH to the isoelectric point of each protein (casein, 4.5; 

barley, 5.6; canola meal, 4.6) using 1 M H a .  Samples were then c e n t . g e d  at 4,000 

x g and 4 O C  to recover the guanidinated protein. Umeacted MIU was removed by 

resuspending the precipitate in water adjusted to the isoelectric pH of each protein 

and centrifuged again. The later was repeated thrice, each t h e  discarding the 

supernatant. The clean material was freeze-dried before it was used in diet 

preparation. Lysine conversion to HA in casein, barley and canola meal was 94.1 %, 

86.6% and 80.1%, respectively. The HA diets were prepared by replacing 50 % of 

the protein source in each diet (Table 4.1) with guanidinated samples. Dysprosium 

chlaride (Sigma) was used in place of chromic oxide as an indigestible marker and 

included at a level of 100 ppm (Marty et al., 1994) so as to have a marker unique for 
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the HA diets. 

43.3 GcMolCo?t&ctofsa<dy 

The experiment was designed and conducted according to a 4 x 4 Latin 

square. After recovering bom surgery, the pigs were offered one of the four 

experimental diets twice daily at 0800 and 1800 as a wet mash. Feed refusals and 

spillage were recorded and used to determine actual DMI. Pigs were fed at 2.6 times 

maintenance energy requirement (ARC, 1981) based on their BW at the be-g 

of each experimental period. Because there were dinerences in caiculated diet DE 

contents, feed allowance varied among diets. At the end of each feeding, drinking 

water was placed in the feed troughs so that it was dways available. 

The experimentai penods lasted 9 d each. Pigs were aliowed to acclimatize to 

their respective experimental dieu for 6 d. On d 7, a 24-h continuous ileal digesta 

collection was conducted for determination of apparent digestibilities in the regular 

non-guanidinated dieu. On d a meal of the diets with guanidinated protein was fed 

only at 0800 foliowed by a 24-h continuous digesta collection for determining 

endogenous amino acid losses and tme amino acid digesti'bilities. Digesta were 

collected through soft transparent plastic tubes (4 cm i.d.; Alpine Plastics Ltd, 

Edmonton, Alberta) which were attached to the barre1 of the ileai cannulas as 

descnied by de Lange et ai. (1989a). The lower section of the tube was clamped 

shut, fïlled with 10 ml of 10 % formic acid to minimize bacterial a c t ~ t y ,  and kept 

immersed in a plastic container fiiied with ice water. Eveq 1 to 2 h, the coîiected 
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digesta were removed and immediately fkozen at -20°C und  further anaiysis. 

4.3.4 h p n m k n  mid Analyses 

Digesta were pooled per pig and collection day. Digesta samples were freeze- 

dried, and dong with diet samples, ground in a Wiley rnill through a .5-mm screen 

and thoroughly mixed before analyses. Nitrogen and DM content in diet and digesta 

were determined according to AOAC (1990). Chromic oxide was determined using 

the method of Fenton and Fenton (1979); dysprosium chloride was determined by 

flame atomic absorption spectrophotometry (Everson, 1975). Amino acid and 

homoarginine content in feed and digesta were determined using a Beckman System 

Gold amino acid analyzer [Beckman Instruments (Canada) Ltd., Mississauga, ON] 

following hydrolysis with 6 N HCl in sealed, evacuated tubes at 110 OC for 24 h 

(Mason et al., 1980). The sulphur containing amino acids and tryptophan were not 

determined. AU analyses were performed in duplicate. 

4.35 C a l c u l a t i o ~ t ~ a n d S ~ ~  

Apparent ileal amino acid and protein digestibilities (%) were caiculated using 

the observations made on d 7 and chromic oxide as the indigestible marker. The 

following formula was used: 

AD = a (100 * (W], * P134[AAI6a * I ~ l p ) )  [il 

where [AA], and [AA],, are the concentrations (mg kg-' DM) of nitrogen and 

amino acid in the diet and digesta, respectively and [Cr], and [Cr],, are the 
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concentrations (mg/kg DM) of chromic oxide in the diet and digesta, respectively. 

The total flow (mgkg DMI) of nitrogen, amino acids and homoarginine at the 

terminal ileum was calcuiated as: 

A% = [AAJ, * (P=errnkeaE,,p,m) 121 

where .4A, is the flow of an amino acid at the terminal ileum and Marker], and 

warker]- are the concentrations of the appropriate indigestible marker (chromic 

oxïde for d 7 and dysprosium chloride for d 9 observations) in the diet and digesta, 

respectively. The tnie digestibility (96) of lysine (TD,) was assumed to be equal to 

the apparent digestibility of HA and was calculated as: 

TD, = (WI, - H%) * 10ww&a 131 

where [HA], and HA, are the homoarginine concentration in the diet (mg/kg DM) 

and the flow of homoarginine at the terminal ileum, respectively (Moughan and 

Ruthemud, 1990; Marty et ai., 1994). The flow of endogenous lysine (LYS,) was 

calculated as the total flow of lysine at the distal ileum (LYS, determined with 

equation 2 and chromic oxide as the indigestible rnarker) minus the flow of 

unabsorbed dietary lysine using the equation: 

LYS, = LYS, - ( ~ Y S L  f (1 - TD, * 0.01)) 141 

where [LYS], is the concentration of lysine in the diet. The endogenous flow of 

amino acids other than lysine (a) was calculated £tom the observed flow of 

endogenous lysine and the amounts of other amino acids relative to lysine as reported 

by Boisen and Moughan (1996) except for p robe  and glycine for which ratios from 

de Lange et al. (1989b) were used. Tme digestibilities (%) of amino acids other than 
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lysine were then calculated as foIf0ws: 

TD, = (1- - (A% - &))*1qA.Alba r51 

Endogenous flow of N was determined by multiplying N flow at the distal ileum with 

the ratio of lysine in endogenous nitrogen and the results ernployed in deriving tnie 

N digestibilities using equation 5. 

Data were subjected to anaiysis of variance using the GLM procedures of 

SAS (1985). The experimental design used was a 4 x 4 latin square and effects of 

period (df = 3), animal (df = 3), and diet (df = 3) were included in the statistical 

model. When a si@cant F-value (P c -05) was indicated by the analysis of variance, 

means of diet treatments were compared using Duncan's multiple-range test (Steel 

and Torrie, 1980). The observed amino acid digestiiility values in the barley-canola 

meal diet were compared to those calculated £rom digestiiilities in the pure 

ingredients by means of a t-test so as to assess additivity of apparent and true 

digestibilities. 

4.4 Resuits and Discussion 

Aii four pigs appeared healthy, readiiy consumed their daily feed ailowance 

and grew normally throughout the study. At the end of the experiment their BW 

averaged 48.9 e 2.8 kg while their DM1 during the experiment were 980,1311,1098, 

and 1229 g/d for the casein, barley, canola meal, and barley-canola meal dieu, 

respectively. The amount offered for each diet differed due to their differences in 

calculated energy content (Table 4.1) and this led to the sigdicant (P < .05) 
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differences in DMI. A postmortem examination i n d i ~ t e d  that cannulation did not 

result in any intestinal abnormaiities or adhesions and that cannulas were inserted at 

the proper location. 

The DM, CP and amino acid content of casein, barley, canola meal, and the 

experimental die6 are show in Table 4.2. Amino acid analysis of ingredients are 

within the range of published values (NRC, 1988; Fan et ai., 1995; Degussa, 1996) 

although levels in canola meal are somewhat lower than NRC (1988). For most 

amino acids and CP, the analysed contents in the die& were very similar to daulated 

values based on analysed amounts in the individual ingxedients and their respective 

inclusion levels in the diets. 

The apparent ileal digestibilities of DM, CP and amino acid in the 

experimental diets (Table 4.3) were within the range of reported values for these 

feedstuffs and diets (Sauer and Ozimek, 1986; de Lange et al., 1990; Darcy-Vrillon 

et al., 1991; Heartland Lysine, 1995). As expected, DM, CP, and amino acid 

digestibilities were highest (P < -05) in the casein diet. Apparent ileal DM 

digestibility was lowest (P c .OS) in the barley-canola meal diet. Apparent ileal CP 

digestibilities were sirnilar in the barley and canola meal diets; both were lower (P < 

.OS) than that in the barley-canola m e d  diet. Of the essential amino acids, only 

apparent ileal arginine and lysine digestibilities dinered (P < .OS) among the barley, 

canola meal and barley-canola meal diets. The apparent ileal lysine digestibility value 

(53.6 %) obtained in the present study for barley agrees close@ with results of others 

(Funiya and Kaji, 1991; Fan et al., 1995). However, values that are substantially 
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Table 4.2. Dry matter, protein and amino acid content (%) in ingredients and diets 
(as fed basis) 

Item Casein Barley Canola 1 2 3 4 

Dry matter 

Cnide protein 

Amino acids: 

Indipensa able 

Arginine 

Histidine 

Isoleucine 

Leucine 

Lysine 

Phenylalanine 

Threonine 

Valine 

Dkpensable 

Alanine 

Aspartic acid 

GIutamic acid 

Glycine 

Proline 

Serine 

Tyrosine 



Table 4.3. Apparent dry matter, crude protein and amino acid digestibilities (%) in 
pig fed casein, barley, canola meal or bariey-canola meal based diets 

- . . - - . -. - - -. 

Item Diet I' Diet 2 Diet 3 Diet 4 SEM 

Dry matter 

Cnide protein 

Indipmable 

Arginine 

Histidine 

Isoleucine 

Leucine 

Lysine 

P henylalanine 

Threonine 

Valine 

Dirpensable 

Alanine 

Aspartic acid 

Glutamic acid 

Glycine 

Proline 

Serine 

Tyrosine 

Diet 1, casein corn starch diet; Diet 2, barley diet; Diet 3, canoia meaf diet; Diet 4, barley-canola 
meal diet. 
bcd Means in the same row with different superscripts diner (P < .05) 
SEM, pooIeü standard error of the mean. 



higher or lower than those observed here have been reported (Imbeah et ai., 1988; 

de Lange et al., 1990; Heartland Lysine, 1995). The value observed for canola meai 

was somewhat lower that previously reported (Imbeah et al,  1988; de Lange et al., 

1990; Fan et al., 1995; Heartland Lysine, 1995), and the value for the barley-canola 

med diet agreed closely with that reported by Fan et al. (1995). The apparent ileal 

digestibility of threonine was 63.7 %, 62.4 % and 67.7 % for the barley, canola meal 

and barley-canola meal diets, respectively. These values agrees closely with previously 

reported data (de Lange et al., 1990; Fan et al, 1995). Differences in apparent ileal 

digesti'bilities of dispensable amino acids were significant (P < -05) only for alanine, 

aspartic acià, giycine, and serine among the diets containing plant protein. Of these, 

glutamic acid had the highest apparent ileal digestibility for barley, canola meal, and 

barley-canola meat diets and glycine had the lowest digestibility value except for the 

barley-canola meal diet. 

The flow of lysine at distal ileum is presented in Table 4.4. There were 

signincant daerences (P < .OS) in the total and endogenous flows of lysine at the 

distal ileum of pigs fed the four experirnental diets. Endogenous lysine flow was 

lowest (P c .05) in the casein diet compared to the other diets. The canola meal diet 

had the highest flow, and amounts for the barley and barley-canola meal dieu were 

intermediate (Table 4.4). The endogenous lysine flow observed for the casein diet was 

close to that reported by But& et al. (1993a) who used the enzymatically hydrolysed 

casein method, and these can be considered as the minimum gut losses. Estimates of 

endogenous lysine flow for the barley and canola meal diets were 1101 and 1429 
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Table 4.4. Tot& endogenous, and exogenous Nine flows at the distal ileum of pigs 
fed casein, barley, canola meal or barley-canola meal based diets 

Die t 

Item Diet 1' Diet 2 Diet 3 Diet 4 SEM 

Total flow: 

' Diet 1, casein corn starch diet; Diet 2, barley diet; Diet 3, canola meal diet; Diet 4, barley-canola 
meal diet. 
bcd Means in the same row with different superscripts dBer (P < .05) 
SEM, pooled standard error of  the mean. 



mgkg DM& respective@, which are in close agreement with previous estimates 

obtained with the 'N-isotope dilution technique (de Lange et ai., 1990,1111 and 1223 

mg/kg DMI, respectiveiy). The amount observed for the canola meal diet was very 

similar to the amount determined by Marty et ai. (1994; 1329 mg/kg DMI) in 50-kg 

pigs fed soybean meal-based diets using the HA method. The calculated quantities 

of endogenous N recovered for the casein, barley, canola meal and barley-canola 

meal diets were 1.16, 2-19, 2.77, and 2.73 g/kg DMI, all of which fall withui the wide 

range of values previously reported for endogenous N losses in growing-finishing pigs 

(Nyachoti et al., 1997a). 

The current data indicate that the HA method gives reasonable estimates of 

endogenous lysine losses, even though assumptions have to be made when this 

method is used. These assumptions have been discussed eisewhere (Boisen and 

Moughan, 1996; Nyachoti et al., 1997a) and addressed in a nimber of recent studies 

(Moughan and Rutherfurd, 1990; Schmitz et al., 1991; Marty et al., 1994). The results 

clearly demonstrates that conventional methods of estimating endogenous N losses 

(N-free, purined diets) underestimates the actual amouat of endogenous N losses 

when practicai diets are fed. Others have made similar observations (e.g. Darragh et 

al., 1990; de Lange et al., 1990; Butts et al., 1993a). 

The recovery of endogenous gut protein at the distal ileum of growing-nnishing 

pigs represents a balance between secretion and reabsorption (Souffrant, 1991; 

Nyachoti et ai., 1997a). Secretion and(or) reabsorption of endogenous gut protein is 

infiuenced by such factors as the BW, dietary fibre content, DM1 and the presence 
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of anti-nutritive factors in the diet The role of these factors in induchg endogenous 

gut protein losses has been reviewed in detail elsewhere (Boisen and Moughan, 1996; 

Nyachoti et al., 1997a). The amount of DM1 and dietary crude fibre dinered among 

diet treatments in the present study, and this may account for part of the dinerences 

observed in endogenous gut protein lasses. It is apparent that other factors also a e c t  

endogenous losses. 

A limitation of the HAM is that on@ endogenous lysine flow is determined. 

Flow of other amino acids can be calculated if assumptions are made about the 

amino acid composition of endogenous gut protein. Boisen and Moughan (19%), in 

a recent review, concluded that the amino acid composition of endogenous gut 

protein is relatively constant. However, they reported substantiai differences in amino 

acid composition of endogenous gut protein between individual studies. Part of these 

differences rnay be attniuted to the variable proline and glycine content in 

endogenous N which appean to be related to the overaïi N-balance in the pig (de 

Lange et al., 1989b). Even though it was assumed in the calculations of tme ileal 

amino acid digestibilities that the amino acid composition of endogenous gut protein 

is constant, it is suggested that the effect of diet on the amino acid composition of 

endogenous gut protein be further evaluated (e-g. Souffrant, 1991; Boisen and 

Moughan, 1996). 

The true ileal N and amino acid digestibilities are presented in Table 4.5. 

There were no signincant differences (P > .OS) in m e  ileal N digestibilities among 

the four die& although the casein diet had a numencally higher value compared to 
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Table 4.5. True ileal amino acid digesti'bfities (%) in pigs fed casein, barley, canola 
meal or barley-canoIa meal based diets 

- --- - - 

Item Diet 1' Diet 2 Diet 3 Diet 4 SEM 

Nitrogen 

Indispensable 

Arginine 

Histidine 

Isoleucine 

Leucine 

Lysine 

Phenylalanine 

Threonine 

VaJine 

Dirpma ble 

Alanine 

Aspaftic acid 

Glutamic acid 

Glycine 

Proline 

Serine 

Tyrosine 

Diet 1, casein corn starch diet; Diet 2, barley diet; Diet 3, canoia meal diet; Diet 4, barley-canola 
meal diet- 
bok Means in the same row with dinerent superscripts diner (P < .CE) 
SEM, pooled standard error of the mean. 



the other three diets. The casein diet had the highest (P < .OS) tnie üeal lysine 

digestibility, but this did not ciiffer between the other three diets. True ileal 

digesti'bilities for amino acids other than lysine differed (P < .OS) for arpinuie, 

histidine and leucine ody among the indispensable amino acids while on& for alanine, 

glutamic acid and probe  were dinerences (P c .05) observed among the dispensable 

amino acids. In generai, the true iieal N and amino acid digestibilities obtained for 

both barley and canola meal were in close agreement with the values obtained by de 

Lange et al. (1990) using the isotope dilution technique. These observations 

suggest that differences in the fiow of endogenous gut protein losses contribute to 

differences in apparent amino acid digestibiiities between feedstuffs (Marty et al., 

1994; Schulze et al., 1994b). 

The observed and calculated apparent ileal digestibilities in barley-canola meal 

diet were ody signincantly dinerent (P < .05) for aspartic acid and glycine among all 

the amino acids (Table 4.6). However, observed and calculated tme ileal digestibiüties 

did not differ (P > .05; Table 4.6) for any of the amino acids. The numerical 

difîerences between obsented and caiculated digestibilities were smaller for true 

digestibilities than for apparent digestibilities of all amino acids. It seems that at least 

for some amino acids apparent digestibilities determined in pure ingredients are not 

additive when included in a mixture of ingredients (i.e. in a complete diet). Similar 

observations have been made previously (Imbeah et al., 1988). This indicates that it 

is more appropriate to use true ileal amino acid digestibilities in feed formulation 

since the digestible amino acid supply in complete a diet c m  be predicted from true 
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Table 4.6. Observed and caldated apparent and tme ileal amino acid digestibilities 
in a barIey-canola med based diet fed growing pigs 

- 

Apparent Digestibilities True digestibilities 

Amino acid Observed Calculated Observed Calculated 

I'diipe11sa bk 

Arginine 

Histidine 

IsoIeucine 

Leucine 

Lysine 

Phenyiaianine 

Threonine 

Valine 

DiFpensabZe 

Aianine 

Aspartic acid 

Glutamic acid 

Glycine 

Proline 

Serine 

Tyrosine 

ab Means in the same row for either apparent or true digestiiility with different superscripts differ (P 
c .OS) 



digesti'bilities determined in pure ingredients. This is more so in corn-based diets (Fan 

et al., 1995). 

45 Implicati011~ 

The homoarginine HA method is a relatively simple and inexpensive means 

for determining endogenous gut lysine losses and tnie lysine digestibilities in pigs fed 

practical type feeds. When the HA method is used to estimate the true ileal 

digestibüities of amino acids, other than lysine, assumptions have to be made about 

the amino acid composition of endogenous gut protein losses (ENL). True rather 

than apparent iieal amino acid digestiirlities should be used when formuiating swine 

feeds, but this will require further development of methods for routine estimation of 

ENL Improvements in protein utilization should be sought via reducing ENL and 

improving true ileai amino acid digestibilities. 



The Application of the Phenyialamoe 'Yloodmg dosen Procedure to Measure 
Protein Synthesis m pigs 

5.1 Abstract 

The metabolic effect of infusing a large dose of phenylalanine into growing 

pigs was investigated in a study with five 22 kg Yorkshire barrows. Pigs were infused 

with a saline control or one of the two phenylalanine solutions (75 or 150 mm01 L") 

at a rate of 10 mL kg-' body weight over a 12 min pencd. Blood samples (5 ml) were 

taken 10 min pnor to the start of infusion, at the end of infusion and thereafter at 

regular intenmls for 2 h. After detemiining packed ce11 volume (PCV), plasma was 

recovered for measuring concentrations of glucose, insulin and plasma free amino 

acîds. Packed celi volume and glucose levels were not affected by infusing a large 

dose of phenylalanine (P > .05). Insulin concentration was similar (P > .OS) for the 

two phenylalanine solutions at the end of infusion and significantly higher (P < .OS) 

compared to the control. Plasma kee amino acid levels were determined only in the 

pre- and end of uifusion samples and in samples taken 10 and 20 min after the end 

of infusion. At the end of infusion, phenylalanine concentration was higher (P < .OS) 

for the phenylalanine treatments and among ail other amino acids only plasma 

tyrosine levels was increased (P < .OS). Plasma amino acids levels were sirnilar among 

treatments at other t h e  periods. The results show that a flooding-dose of 

phenylalanine may not significantly alter the metabolic status (as s h o w  by the 



changes in levels of the key indicators of rnetabolism measured) of the pig and 

therefore its protein metabolism. These data supports the use of the flooding-dose 

method using labelled amino acids to estirnate fractional rates of protein synthesis in 

tissues with hi@ protein turnover rates in pigs. 

5.2 Introduction 

In conventional tissue protein synthesis studies, procedures involving 

continuous infusion of radiolabelled amino acids have been used. Typically, these 

procedures require a 6 to 8 h infusion penod which renders them unsuitable for 

studying protein synthesis rates in tissues with high turnover rates such as visceral 

organs (Lobley et al., 1980). The limitations of these methods are further aggravated 

by the fact that the specinc radioactivity (SRA) in the amino acids in the precursor 

pool for protein synthesis can not be determined with certainty. To minimise these 

limitations, Garlick et al. (1980) proposed a method that involves administration of 

a large ("flooding") dose of an amino acid and killùig the animals a short time later 

(usually 10 min). The use of a flooding dose raises the SRA in the various free amino 

acid pools to simüar levels thus eliminating the uncertainties regarding the precursor 

pool (Garlick et al., 1980). Furthexmore, only a short incorporation time of labeiied 

amino acid into tissue protein is allowed thus reducing the extent of recyciing of label 

in tissues with high turnover rates. Despite these advantages, the flooding dose 

technique has been used mainly in studies with rodents (McNurlan et al., 1979; 

Garlick et al., 1980) and only in a few studies with domestic farm animals (Attaix et 
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al., 1986; Sève et al., 1986, Southorn et aL, 1992). 

One of the concerns of using the flooding dose technique is that infusing a 

large amount of an amino acid may cause perturbation in the metaboiic status (eg 

hormonal or substrate levels) of the animal which in tum may alter rates of protein 

synthesis. Indeed Lobley et al. (1990) and Southorn et ai. (1992) have reported such 

metabolic effects in sheep infused with large doses of different amino acids. ln pigs, 

this technique has only been used in a study with piglets in which no attempt was 

made to establish the metabolic consequences of infusing large amounts of 

phenylalanine (Sève et al., 1986). It is, therefore, not known how administering a 

large amount of a given amino acid to a pig affects its metabolic status (Le. the ability 

to utilue nutrients and to maintain normal physiological levels of various 

metabolites). 

The present study was undertaken to investigate the metabolic impact of 

infuskg a large dose of phenylalanine into growing pigs. This was achieved by 

examinhg changes in plasma insulin, glucose and amino acid levels and packed ceil 

volume as indicators of metabolic homeostasis. 

53 Materials and Methods 

53.1 Animcrls, Housing and Dierr 

The use of animals in this study was reviewed and approved by the Animal 

Care Cornmittee of the University of Guelph and animais were cared for according 

to the guidelines of the Canadian Cauncil on Animal Care. Five growing barrows 
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(Yorkshire, €rom the University of Guelph Swine herd) with an average initial body 

weight of 18 kg were used in the present study. They were housed in incihidual 

metaboüc crates with smooth, transparent side walls and tender foot floors in a 

temperature controiled room (20-22 OC). Pigs were fed a casein corn starch diet 

(same as Diet 1, Table 4.1) mked with water in a 1:l ratio in two equal amounts (at 

08-00 and 20.00 h) Intake was restricted to 2.6 times maintenance energy requirement 

(ARC, 1981). Drinloig water was provided ad libitum koom a low pressure nipple. 

During the last 3 d prior to the start of infusion, the feeding schedule was changed 

to 3-hourly feeding so as to maintain steady state conditions (Lobley et al., 1992). 

532 Study PIocadurps 

After a 7 d adjutment penod to the diet and new environment, pigs were 

surgically fitted with 2 silicon catheters (1.6 mm i.d., 2.41 mm o.d., Dow Corning, 

Midiand, MG) in the ri@ and left extemal jugular veins under halothane general 

anaesthesia for infusion and sampiing of blood according to de Lange et al. (1990). 

Following a 7 d recovery period, each pig was subjected in a random order to 3 

treatment infusions consisting of a 150 mm01 L-' solution of saline (control), 75 mm01 

(LPHE) or 150 mm01 L-1 (HPHE) solutions of L-phenylalanine on 3 consecutive 

days. AU solutions were fïlter-sterilised through 0.22 p £iiters (Miliipore, Bedford, 

MA) before use. Each solution was infused for a 12 min penod starting 1.5 h after 

feeding at a rate of 10 m g  body weight from a Watson Marlow variable speed 



peristaltic pump' (Watson-Marlow, Inc., ~ilmington, MA). Blood samples (5 ml) 

were drawn at the beginning (baseline) and end of infusion period and at 10 min 

intervals thereafter for 1 h and at 90 and 120 min after the end of infusion. Samples 

were analyzed for packed celi volume and plasma levels of insulin, glucose and amino 

acids. 

533 Aiiliiycical l ' b d h s  

Packed celi volume was determined by centrifuging blood in haernatocrit tubes 

to tightly pack the red blood ceus (Cunningha~~~, 1992). Plasma was recovered by 

centrifuging at 1500 x g for 15 min and stored at -20 OC until required for andysis. 

Plasma insulin and glucose leveis were determined by a radioirnmunoassay (Coat-A- 

count, Diagnostic Products, Los Angeles, CA) and the method of Trinder (1969) 

(Sigma Diagnostic Procedure No. 315), respectively. Plasma fiee amino acid 

concentrations before infusion, at the end of infusion (time 0) and at 10 and 20 min 

after the end of infusion were determined by the method of Bidlingmeyer et al. 

(1984). Briefly, 200 pL of plasma samples were deproteinized with 1 mL of 0.5 % 

trinuoroacetic acid in methanol after adding of 40 pL of 2.5 pmoVrnl norleucine as 

an interna1 standard. The samples were then centrifuged at 5000 rpm for 5 min and 

the supernatant recovered for detennining plasma £tee amino acids. M e r  freeze 

m g  the supernatant, 50 p L  of a mixture of triethy1amine:methanoI:water (1:1:3) 



was added and the samples freeze dried again for 1-2 h. Sarnples were then 

derivatized by adding 20 pL of a derivatking reagent (1:1:1:7 mixture of tnethylamine 

: water : phenyhothiocyanate : methanol) and ailowed to stand for 35 min before 

stopping the reaction by freezing the samples in liquid N. After fieeze drymg, samples 

were reconstituted in a sample diluent (95 % phosphate buffer plus 5 % acetonitrile), 

centrifuged and loaded on the HPLC for amino acid separation using a 3.9 mm x 30 

cm Pico.Tag reverse-phase column (Millipore/Waters, Mississauga, ON) maintained 

at 48 O C .  

53.4 slkz&hd mialysir 

Data on blood parameters were analyzed by the GLM procedures of SAS 

(1985) with treatments and animals as sources of variation. Insulin, glucose and amùio 

acid concentrations were compared at every sampiing point using repeated measure 

analysis and polynomial contrast for control vs phenylalanine solutions and between 

the phenylalanine solutions. The mean of the phenylalanine treatments at each time 

and over time 10 min to 120 min were compared with control values. When a 

significant F-value (P c .05) was obtained means were separated using Scheffe 

multiple-range test (Steel and Tome, 1980). 

5.4 Results and Discussion 

Packed ceIl volume was not innuenced (P > .OS) by the infusion of saline or 

phenylalanine solutions and it remained stable throughout the two h study period for 
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aU three treatments (Figure 5.1). A simüar observation has been made in sheep @en 

a flooding dose of phenylalanine (Southorn et al., 1992). These resdts indicate that 

a flooding dose of phenylalanine does not interfere with the amount of red blood 

ceiis per volume of blood and therefore general blood homeostasis or relative plasma 

volume. This implies that a flooding dose of phenylalanine as used in the present 

study is not a huge insuit to the animai. 

Plasma insulin concentrations increased by 35-51 pmol L1 following infusion 

of phenylalanine solutions (Table 5.1). The LPHE solution elicited a higher but non- 

signil5cant (P > .OS) increase in plasma insuiin levels compared to the HPHE solution 

(Table 5.1). Plasma insulin levels did not change when physiological saline was 

infused; it averaged 85.5 pmol L" over the 2 h study period. This was very similar to 

the basehe value of 84.4 pmol observed here and 89 pmol L-I reported by Le 

Floc'h et al. (1995). Compared to the saline treatment, the impact of phenylalanine 

infusion was significant (P c -05) oniy at the end of infusion (O min) and at 120 min 

after infusion, although insulin concentrations in phenylalanine infused pigs were 

numerically higher at most sampling times (Table 5.1). The observed difference in 

insulin levels between the control and phenylalanine treatments at 120 min is unusual 

and difncult to explain, although the fact that this may have been a direct result of 

phenylalanine infusion cannot be mled out. This is more so considering that changes 

in plasma glucose and amino acid concentrations at this point were similar in ail 

treatments (Table 5.2; Figure 5.2). Plasma insulin levels were similar (P > -05) 

between the two phenylalanine treatments at 120 min after infusion. 
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Table 5.1. Plasma insulin concentration (pmol LL) in growing pigs fed a casein corn 
starch diet and infused with either saline, 0.075 M or 0.15 M phenylalanine solutions 

Treatment 
- - - - -- - - - - 

Samphg time Saline 0.075MPhe 0.15MPhe SEM 

time O denotes the end of the 12 min *ion penod 
means within a row bearing dinerent superscript lettea differ (P c .05) 

SEM, pooled standard e m r  of the means 



Table 5.2. Plasma glucose concentration ( m o l  LI) in growing pigs fed a casein corn 
starch diet and infused with either saline, 0.075 M or 0.15 M phenylalanine solutions 

-- 

Treatment 

Sampling time Saline 0.075 M Phe 0.15 M Phe SE,M 

l time O denotes the end of the 12 min infusion perioci. 



The effects of infusing a fiooding dose of an amino acid into animais on 

plasma insulin concentration has been reported in a nurnber of previous studies 

(Lobley et al., 1992; Southom et al., 1992). In these studies, as in the current study, 

infusing a large amount of phenylalanine cause perturbations in the plasma insulin 

concentration. The magnitude of change in plasma insulin levels depends, among 

other factors, on the rate of infusion; it W more pronounced if the treatment is 

administered over a short time as opposed to a longer infusion period (Lobley et al., 

1992; Southorn et al., 1992). In the current study the phenylalanine flooding dose was 

given over a 12 min period (same as the long period used by Southorn et al., 1992) 

which may have been responsible for the mild perturbation observed. It shouid be 

noted that the plasma insulin levels were ükely already elevated in ail animals since 

they were frequently consuming a highly digestible high starch diet; a situation that 

may have lessened the response to phenylalanine infusion. Whether actually increased 

plasma insulin concentration has a direct influence on the rate of protein synthesis 

in the growing pig is unclear. However, the surge in insulin levels seen here, as in 

most previous studies, lasted only for a short t h e  (usuaüy < 10 min) and was 

unlikely to cause major changes in rates of protein synthesis. Indeed, Garlick et al. 

(1994) could not find evidence in the Literature that the transient insulin spike due 

to infusion of a flooding dose of an amino acid influences protein synthesis in rats 

and humans. In a similar iiterature review, Rennie et al. (1994) also asserted that the 

observed stimulation of protein synthesis in muscle following a flooding dose of 

leucine cannot be ascriied to a stimulation of hormones such as insuiin. Earlier, in 
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a study with rats, Garlick et al. (1983) found that although plasma insulin level was 

signifïcantly increased by a factor of 4 above basehe levels, this did not change the 

rate of protein synthesis. In the m e n t  study plasma insulin levels were increased by 

a maximum factor of 1.6 above control levels; an effect that is unlikeiy to have 

influenced rates of protein synthesis in these animals. It is also important to note that 

where insulin has been shown to a e c t  protein synthesis, the translational efficiency 

(Le. g protein synthesis d-' g RNA1) may have been suboptimal because rats used in 

that study were stawed (Reeds, 1988; Lobley, 1993). It is important to note that the 

effect of insulin on protein synthesis in gut tissues has not been determined. Also the 

differences in fractional rates of protein synthesis determined with either the flooding- 

dose or continuous infusion techniques are m a d y  due to methodological differences 

as opposed to effects on the hormonal changes (Rennie et ai., 1994). 

Plasma glucose concentrations were not affected (P > .OS) by any of the three 

treatments and concentrations rernained stable throughout the study (Table 5.2) and 

averaged 6.03 m o l  L1 over the 2 h experimental penod. Plasma glucose levels are 

reported to range £rom 5.48 to 5.64 mm01 L1 in growing pigs (Antinmo et al., 1978; 

Le Floc'h et al., 1995) which is close to levels observed in the present study. That 

infusing a large phenylalanine dose has no significant impact on plasma glucose levels 

has been demonstrated in sheep as well (Southom et ai., 1992). This observation does 

illustrates that the changes in insulin levels are indeed very smaii. 

Trends in plasma £ree amino acid concentrations are presented in Figure 5.2. 

lnfusing a large amount of physiological saline did not alter (P > -05) concentrations 
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Figure 5.2. Concentrations of selected plasma free amino acids in growing pigs 
fed a casein-cornstarch diet and infused with saline or a Rooding dose of 
phenylalanine solutions (75 or 150 

6000 1 1 

115 -10 4 O 5 10 15 20 25 
- 
-15 -10 -5 O 5 10 15 20 25 

Sampling timr (min) Sampllng time (min) 

'Saline * .O75 M Phe * .15 M Phe - Saline * .O75 M Phe * . I S  M Phe 
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of most plasma free amho acids. In response to phenylalanine infusion, plasma free 

phenylalanine was increased by an average of 10 and 32 times baseline values, 

respectiveSr, for LPHE and HPHE solutions. The plasma fkee phenylalanine 

concentrations dinered (P < .OS) among the three treatments at O, 10 and 20 min 

after the end of infusion (Figure 5.2a). Of aii other amino acids, only tyrosine 

concentration was increased (P < .05) above control levels by infushg the HPHE 

solution. This was expected as phenylalanine is comrerted to tyrosine (Figure 5.2b). 

However, this impact was only evident at the end of infusion. There was no distinct 

effect (P > .05) of phenylalanine infusion on the concentrations of all other amino 

acids in plasma. The baseline levels of phenylalanùie and tyrosine were simüar during 

all three experimental days thus indicating that the impact of phenylalanine infusion 

had subsided within 24 h. 

The general lack of effect of a flooding dose of phenylalanine on plasma 

concentration of other amino acids contradicts previous reports with other sprcies 

showing that a flooding dose of an amino acid does cause perturbation in 

concentrations of other plasma free amino acids (Lobley et al., 1990; Southorn et al., 

1992). It could be expected that if a flooding dose of phenylalanine causes changes 

in plasma amino acid levels, then large neutral arnino acids could be affected most 

as they share the same transport system with phenylalanine which will have a 

cornpetitive advantage when present in large amounts (Christensen, 1990). Based on 

the present data, a flooding dose of phenylalanine administered over a 12 min penod 

into growing pigs does not seem to cause sigrilficant changes in plasma amino acid 
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levels; which again suggest that the insulin effect in these animals was minor. It has 

been suggested that a fîooding dose of an amino acid in itself rnay iuterfere with the 

process of protein synthesis by changing the amino acid composition of the precursor 

pools and therefore the availability of amino acids for protein synthesis (Rennie et 

al., 1994). However, the current data seem to indicate that this may not be of any 

major concem in growing pigs since only a minor insulin effect was observed and the 

plasma free amino acid concentrations remained essentially unaltered. 

5 5  Implications 

The current results show that a flooding dose of phenylalanine given to 

growing pigs does not cause signifiant changes in their metabolic status as shown by 

changes in plasma insulin, glucose and amino acid concentrations. GMng a Iarge-dose 

of phenylalanine in itseif rnay, therefore, not ifluence fiactional rates of protein 

synthesis in the gut. It was concluded that the phenylalanine flooding-dose method 

is an appropriate technique for measuring protein synthesis rates in tissues with high 

protein turnover rates in growing pigs. 



E&ct of diet type on gut protein synthesis ingmCamg pigs as mea~ufedwith the 
phenyhhiae flooding dose technique. 

6.1 Absbract 

The effect of diet on protein synthesis rates (PSR) in visceral organs (her ,  

pancreas, duodenum, jejunum, iieum, colon, and caecum) and skeletal muscle of 

growing pigs was assessed using a flooding dose of L-[ring 2, phenylalanine 

(PHE). Twelve Yorkshire barrows with an average initial body weight (BW) of 18 kg 

and with catheters in the right and left jugular veins were fed either a casein- 

cornstarch (CC) or barley-canola meal (BCM) based diets foxmulated to a similar 

DE:CP ratio. Pigs were fed at 2.6 x maintenance energy requirements twice daily for 

3 weeks and then every 3 h for 3 d before measurement of PSR. Each pig was 

infused with 10 mUkg BW of a 150 mM PHE solution containing 230 MBqL PHE 

for 12 min and then killed 20 min later. Blood samples (5 ml) were taken for 

determinhg plasma insulin and glucose Ievels and specific radioactivity (SRA) in 

plasma fiee PHE. CC pigs had higher (P < .05) plasma glucose (5.8 I -2 vs 5.2 + 

.3 mmol/L) and insulin (80.6 t 9.3 vs 55.7 2 5.8 pmol/L) levels than BCM pigs. In 

all pigs, the S M  of plasma £ree PKE rose to a plateau value within 3 min after the 

start of the infusion and did not change signifïcantiy (P > .05) throughout the 

experiment. Fractional PSR (Ks, %Id) values based on SRA in plasma or intraceiiuiar 

free PHE were similar (P > .OS) in al.i tissues except pancreas (P < .05). Diet 



affeaed Ks in liver (P < .01) and colon (P < .OS) but not in the other tissues. Based 

on the SRA in plasma, liver Ks were 85.4 2 11.0 vs 60.5 I 5.2 in CC and BCM pigs, 

respectively; these values were 82.3 I 4.7 vs 98.2 + 5.8 in the colon. Average Ks for 

other organs were: pancreas, 132.1; duodenum, 93.9; jejunum, 81.9; ileum, 89.3; 

caecum, 91.2; muscle, 28.3. The absolute amount of protein synthesis (g/d) was higher 

(P < .05) in the liver and pancreas of the CC pigs cornpared to BCM pigs. No 

dietary effect was observed in all other organs (P > .OS). The present results seem 

to suggest that feeding diets that induce high endogenous protein losses does not 

affect PSR in the viscerd organs and skeletd muscle of growing pigs. 

6.2 Introduction 

There is a continuous secretion of large amounts of endogenous protein into 

the gut lumen resulting fiom the processes of digestion and maintenance of the 

animal's organs and tissues (Tamminga et al., 1995). While a substantial portion of 

endogenously secreted protein is reabsorbed, about 25 % passes the terminal ileum 

thus becoming unavailable to the pig (SouEtant, 1991). Results of severai recent 

studies (Butts et al., 1993a; Marty et al., 1994; Schulze et al., 1994a, b) have shown 

that these endogenous gut protein losses are much higher than previously estimated 

using the conventional methods of feeding a protein-free diet or mathematicai 

regression to zero protein intake. It has further been shown that these losses are 

higher when feeding diets containhg certain feedstuffs andfor anti-nutritional factors 

(de Lange et al., 1989a; Schulze et al., 1994; Jansrnan et al., 1995). 
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Studies on endogenous protein secretion in pigs have concentrated on its flow 

at the distal ileum under various experimental conditions but not its possible 

influence on protein synthesis rates (PSR) in gut tissues (Nyachoti et al., 1997a). 

Because of the signifîcant implications of gut PSR on amino acid and energy 

requirements of the animal (Moughan, 1995; Nyachoti et al., 1997a), it is important 

to understand how PSR in visceral organs is innuenced by diets that stimulate high 

endogenous gut nitrogen losses. 

Visceral organs have high protein turnover rates as compared to other body 

tissues (Lobiey et al., 1980). In order to study the relationship between endogenous 

gut protein loss and PSR in visceral organs, a method is thus required for estimathg 

PSR of proteins with high turnover rates. Conventional rnethods, based on a 

continuous infusion of labelled amino acids, underestimate PSR because they do not 

reflect accurately the PSR of proteins that turn over rapidly or that are exported 

from the tissues. Furthermore, conventional methods present problems with selecting 

the amino acid precursor pool. A procedure involving injection of a flooding-dose of 

isotope-labelled amino acids (McNurlan et al., 1989; Garlick et al., 1980) has been 

used to estunate PSR in individual rat tissues within 10 min, thus ailowing 

measurements to be made in tissues such as the liver and small intestines which have 

high protein tuni over rates. Use of the flooding-dose method to measure PSR in 

large animais is not feasible without changes largely because of costs. Southom et al. 

(1992) have demonstrated the use of this method to estimate intestinal and liver PSR 

in sheep by decreasing the specific radioactivity to one tenth of the level used by 
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Garlick et al. (1980) and increasing the incorporation t h e  from 10 to 20, 40 or 60 

min. The 20 min interval values were higher and most likeiy representative of rates 

of rapidly hirning over proteins. Other than the study by Sève et ai. (1986) with baby 

pigs, the flooding-dose technique is yet to be used in older pigs. Applying this 

adapted method to estimate PSR in the vixeral organs of the pig should provide an 

insight into the significance of endogenous protein losses in pig nutrition. 

The current study aimed at using the phenylalanine flooding-dose technique 

to estimate PSR in the visceral organs of growing pigs fed two different diets 

fomdated to induce either low or high endogenous gut protein losses. 

6 3  Materials and Methods 

63.1 Anima& H&g und Dictr 

Growing Yorkshire barrows with an average initial body weight (BW) of 18 

kg were obtained from ArkeIl Swine Research unit at University of Guelph for use 

in the present st.~dy. They were housed in individual metabolic crates with smooth, 

transparent side walls and tender-foot floors in a temperature controlied room (20-22 

OC) and allowed to adapt to their new environment and diets for a minimum of 2 

week before undergoing surgery and a further 1 week between surgery and the 

measurement of PSR. 

Two diets based on either casein-cornstarch (CC) or barley-canola meal 

(BCM) (same as Diet 1 and 4 used in Chapter IV, Table 4.1) were used in this 

experiment. The diets were formulated to meet or exceed NRC (1988) requirements 
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for vitamins and miner& and to contain a similar digestible energy to protein ratio. 

Pigs were given their daüy feed allowance in two equal amounts (at 08.00 and 20.00 

h) and intake was restricted to 2.6 times maintenance energy requirement (ARC, 

1981). During the 1s t  3 d prior to the start of infusion, the feeding schedule was 

changed to 3-hourly feeding so as to maintain steady state conditions (Lobley et al., 

1992). 

Surgical procedures, preparation of infusate and infusion procedures used in 

the current study were exactiy the same as descnied in Chapter V of this thesis. Six 

animais were assigned at random to one of the two diet treatments. Starting 1.5 h 

after feeding, each pig was infused with a solution of unlabeiled phenylalanine (150 

mmol/L) in water containing 230 MBqR. L-[ring 2, 6-3H] phenylalanine (Amencan 

Radiolabelied Chernicals Inc., St. Luois, MO) for a 12 min period at a rate of 10 

mL,/kg BW to give a dose of about 2.3 MBq/kg BW. This dose level was almost twice 

that used by Southom et ai. (1992) and one eighth that used in the original study by 

Garlick et al. (1980). Southorn et al. (1992) found sigdicant differences in 

phenylalanine specific radioactivity (SRA) in plasma and intracellular free pools and 

only a 57 % flooding level in the liver. Increasing the amount of radioactivity infused 

in this study was done so as to minimize such differences and increase the Ievel of 

flooding in ali tissues studied. Mer 20 min, timed fkom the end of infusion, pigs were 

kiiled by a lethal injection of sodium pentobarbitone via the infusion catheter. This 
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method of m g  pigs was used so as to minimize sloughing of the mucosal tissue 

following death (Moughan and Smith, 1987). The start of infusion was sequentidy 

delayed to aIlow a 3 h interval between animals. Blood samples (5 mL) were drawn 

10 min before the start of infusion, at 3 min intervals during infusion, and at 5 min 

intervals after infusion until slaughter. Time O indicates the start of the infusion 

period. A sample of the liver, pancreas, duodenum (taken as the f h t  1 m of the 

small intestine (SI)), jejunum, ileum (taken as the last 1 m of the SI), colon and 

caecum were quickly excised immediately after death and chüled with ice-cold 

irrigation saline to minimize postmortem metabolism (Southom et ai., 1992). Each 

sample was then blotted with an absorbent paper, weighed (except for muscle) and 

then wrapped in an aiuminum foi1 before rapid freezing in liquid nitrogen. 

Measurements of PSR in muscle were done to allow cornparisons with other studies. 

The time £rom dissecting to chilling of each sample was recorded accurately and 

considered in the calculation of protein synthesis. Sampled organs were weighed to 

allow calculation of total protein synthesis. The whole sampling procedure was . 

accomplished in less than 5 min foliowing death. The experimental protocol was 

approved by the Animal Care Cornmittee at the University of Guelph and pigs were 

cared for according to the guidelines of the Canadian Council on Animal Care. 

6.33 Siana& hpandon andAnnlyser 

Blood samples were centrifuged at 1500 x g for 15 min and the recovered 

plasma subdivided into three batches before being stored at -20 OC until required for 
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anaiysis. Plasma insulin concentration was determined using a radioirnmuioassay 

(Coat-A-count, Diagnostic Produm, Los Angeles, CA.) while plasma glucose 

concentration was measured using the method of Trinder (1969) (Sigma Diagnostic 

Procedure No. 315). Plasma fkee phenyiaianine concentration was determined using 

procedures simüar to Bidlingmeyer et al. (1984). Brie£@, 200 PL of plasma samples 

were deproteinized with 1 rnL of 0.5 % trinuoroacetic acid in methanol and the 

precipitated protein removed by centrifugation at 13,000 rpm for 5 min. After freeze 

drying the supernatant, 300 PL of a redrymg mixture (1: l:3 triethylamine : methanol 

: water) was added and the mixture freeze dried again for about 2 h. To the dried 

samples, 100 p L  of a derivatising reagent (1:1:1:7 water : triethylamine : 

phenylisothiocyanate (PITC): rnethanol) was added and the reaction allowed tu 

proceed for 35 min. At completion, the reaction was stopped by freezing the samples 

in liquid N followed by keeze drymg. Mer drymg, samples were reconstituted in 300 

p L  of a 95 % phosphate buffer in methanol, centrifuged at 13,000 rpm for 5 min to 

remove particulate 

for analysis by hi@ 

weeks). 

matter and the supernatant kept ftozen at - 20°C until required 

performance liquid chromatography (HPLC) (usually within two 

Tissue samples (1 g) were hornogenised in 5 mL of 2% (wh) perchloric acid 

with an Ultra-Turax T25 tissue disrupter (Janke & Kunkel, IKA Labortechnik, 

Staufen, Germany) and then centrifuged at 1500 x g for 15 min. The supernatant was 

recovered and kept ikozen at - 20°C util required for m e r  processing. The 

precipitate was washed twice with 8 mL of 2 % perchlonc acid, resuspended in 8 mL 

94 



of 1 M sodium h y d d d e  and then left to stand in a water bath set at 37 OC for 1.5 

h to solubilize the proteins. The solubilized protein was recovered by adding 4 mL 

of 20 % cold perchloric acid and letting the mixture stand on ice for 20 min. 

Precipitated protein was recovered by centrifugation at 2000 x g for 15 min foiiowed 

by 2 washings with 8 mL of 2 % perchloric acid. 

The phenylalanine content in the precipitated protein pellet was determined 

following hydrolysis in 10 mL of 6 N hydrochloric acid in sealed, nitrogen flushed 

tubes at 110 OC for 24 h. The hydrolysed samples were left to cool for 30 min and 

then thoroughly mixed before transferred into 125 mL Erlenmeyer flasks. Each tube 

was rinsed twice with deionized water and the washing added to their respective 

hydrolysates. The samples were then diluted to approxixnately 50 mL using deionized 

water and mbred thoroughly by swirling before filtering about 4 mL of each sample 

through 0.22 p filters with low protein binding ability (Miliipore Corp. Mississauga, 

ON). One mL of the fltered hydrolysate samples and all of the supematant samples 

were cleaned through a Dowex cation exchange resin to remove sal ts  and other 

contaminants that interfere with derivatization of amino acids with PITC (Sève et al., 

1986; Southom et al., 1992). Briefïy, 2 mL of Dowex resin in 3 cc syringes were 

washed with 10 mL of deionized water and then the samples loaded followed with 

another washing with 10 rnL of water. Amino acids were eluted with 6 mL of 

ammonium hydroxide which was subsequently evaporated to dryness. The dry 

hydrolysate and supematant samples were processed in the same rnanner as the 

plasma samples for HPLC analysis. Plasma and supernatant samples were analyzed 
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in duplicate whüe hydroiysates were analyzed in tripiicate. Thirty-five pL of each 

sample were injected for amino acid separation using a 3.9 mm x 30 cm Pico-Tag 

reverse phase column (Millipore/Waters, Mississauga, ON) maintained at 48 OC. The 

run time was shortened from 90 to 30 min and the gradients modifïed to allow a clear 

separation of the phenylalanine peak. The phenylalanine peak was collected over a 

time window starting and ending at least 1 min before and after the elution time of 

phenylalanine using a Waters Fraction Collecter (Millipore/Waters, Milford, MA, 

USA). The level of radioactivity in the collected fractions was determined by liquid 

scintillation counting on a liquid scintillation system' (Beckrnan Instruments, 

Fullerton, CA, USA) after adding 10 mL of Biodegradable Counting Scintillant 

(Amersham Canada Ltd., Oakville, ON). With each set of samples (-30 samples per 

m), phenylalanine standards were analysed in duplicate. A standard cuve relating 

peak areas to the amount of phenylalanine injected was derived by injecting 5, 10, 15, 

25, and 35 pL of a standard solution containing 2.5 pmol phenylalanine per m L  The 

amount of phenylalanine in the collected fractions from the samples was then 

determined from the standard curve and related to the amount of radioactivity 

present. Tissue protein content was measured according to Smith et al. (1985) by the 

calorimetric reaction with bicinchoninic acids. 

Mode1 LS 6 0 0  

Sigma Chemicals, St. Louis, MO 
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The level of flooding achieved in different tissues was calculated by expressing 

the phenylalanine SRA in the intraceilda. fiee pool of each tissue as a percentage 

of phenylaiaianine SRA in plasma. Flooding level was also assessed by expressing the 

phenylalanine SRA in plasma as a percentage of phenylalanine SRA in the infusate. 

Visceral organ weights were &O expressed relative to empty body weight (EBW). 

For calcuiating EBW, gut 6.U in the CC- and BCM-fed pigs was assumed to be 3% 

and 5%, respectively (Mohn and de Lange, unpublished observation; Jorgensen et al. 

1996). Fractional protein synthesis rates (Ks) were calcuiated according to the 

method of Garlick et al. (1983) using the following equation: 

SRA, x 100 
fi = 

SR+ x t 

where y is expressed as a percentage of the tissue protein pool synthesized per day; 

S m  is the specfic radioactivity of bound phenylalanine in the protein hydrolysate 

from the tissue, SR& is the phenylalanine specific radioactivity in the precursor pool 

used for calculation and t is the incorporation tirne in d of 'H-phenylalanùie into 

protein. Fractional protein synthesis rates were calculated in four different ways; 

assuming t to be the t h e  from the start or end of uifusion to chilling of tissue 

samples, and the SRA in the precursor pool for protein synthesis to be similar to the 

SRA in either the plasma free or intracellular free pool. The phenylaianine SRA in 

plasma was averaged over the various sampling times from 3 min after the start of 

infusion to the slaughter tirne. The absolute PSR in gram of protein per d were 
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calculated by multipiying the Ks with the total protein content present in each tissue 

on the d of the experiment. "bey were &O expressed as grams of protein per d per 

kg BWIS to adjust for differences in final BW and to ailow cornparison with data 

from other studies. 

Data were analyzed by the GLM procedures of SAS (1985). Plasma insului, 

glucose and phenylalanine levels were compared at al1 samphg times using repeated 

measure analysis of variance. Treatment means for protein synthesis and level of 

specific radioactivity in the plasma or intracellular precursor pool were compared by 

Student's t test (Steel and Tome, 1980). Means were declared significantly different 

at  a probability level of P < .OS. 

6.4 Results 

AU pigs readily consumed their experimental dieu. They all quickly recovered 

from surgery and consumed all their daily feed allowances on the day of surgery. 

They all remained healthy and grew nomally throughout the experiment; averaging 

(mean & SD) 27.1 + 0.8 and 23.7 + 0.5 kg B W  for the CC and BCM fed pigs, 

respectively, at the conclusion of the trial. 

Figure 6.M shows the plasma glucose concentration during and &er the 

infusion of the flooding-dose of 'H-phenylalanine. Averaged over the entire 

experimental penod, the diet effect on plasma glucose concentration was significant 

(P < .OS); at most sampling times it was higher in the CC fed pigs than in the BCM 

fed pigs. Within each diet there was no change (P > .IO) in plasma glucose 
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Figure 6.1. Plasma glucose (A) and insulin (BI concentration in growing pigs fed 
eithar a casein-cornstarch- or barley-canola meal-based diet and infusad with 
a flooding dose of 150 mmol L-' of k-phenylalanine solution at a rate of 10 
mUkg body weight for 12 min starting at time O (mean I SE). 



concentration during and after infusion and no si@cant diet and time interaction 

was observed (P > -10). Over the entire study period, it averaged 5.78 2 0.18 and 

5.19 I 0.25 mm01 of plasma for the CC and BCM fed pigs, respectively. The 

trend for plasma insulin concentration is presented in Figure 6.1B. There were 

signincant (P < .01) dinerences in plasma insulin concentration between the two 

dietary treatments; the CC fed pigs had higher plasma insulin levels at most sampling 

îimes than those consuming the BCM diet. Within each diet treatment, there was a 

slight but signifiant &op (P < .OS) in insulin concentration from baseline values (i.e. 

those obtained 10 min prior to the start of the infusion) within 3 min after the start 

of the infusion but this rernained relatively stable for the rest of the study. There was 

no significant diet and time interaction in plasma insulin levels (P > .IO). 

The plasma kee phenylalanine concentration rose rapidly during the infusion 

period reaching a maximum concentration of about 2960 pmol L1 at the end of 

infusion in the casein fed pigs and 3090 pmol L" at 6 min after infusion in the BCM 

fed pigs. It then dropped quickiy before levelling off at about 1586 and 1787 pmol L-' 

of plasma, respectively for the casein and BCM fed pigs (Figure 6.2). The pattern was 

very similar for the two dietary treatments. Plasma phenylalanine concentrations were 

higher (P c .OS) in the BCM fed pigs at some sampling times than in the CC fed 

pigs. The SRA of phenylaianine in plasma rose to a plateau value within 3 mui of 

starting the infusion and did not change (P > .IO) until the end of the study (Figure 

6.3). There were no dinerences (P > .IO) in plasma phenylalanine SRA between the 

wein  and BCM fed pigs at any sampling t h e .  The level of flooding achieved in the 
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Figure 6.2. Concentration of plasma fiee phenylalanine in growing pigs fed 
either a casein-cornstarch- or badey-canola meal-based diet and infused with 
a flooding dose of 150 mmol L-' of 3~-phenylalanine solution at  a rate of 10 
mLlkg body weight for 12 min starting i t  time O (mean f SE). 

-15 -10 -5 O 5 I O  15 20 25 30 35 

Sampling time (min) 



Figure 6.3. Plasma free phenylalanine specific r a d i ~ a ~ v i t y  in growing pigs fed 
either a casein-cornstarch- or badey-canola meal-based diet and infused with 
a flooding dose of 'H-phenylalanine (150 mmol L.', 1.5 Bqlnmol) solution at a 
rate of 10 mLlkg body weight for 12 min starting at time O (mean i: SE). 

-15 -10 -5 O 5 10 15 20 25 30 35 

Sampling tirne (min) 



Table 6.1. Level of fiooding (%) achieved in the viscerd organs and skeletal muscle 
of growing pigs fed either a casein-cornstarch or barfey-canola meal-based diet and 
infused with a flooding-dose of 9-phenylalanine (150 m o l  L", 1.5 Bq/nmoi) solution 
at 10 mUkg B W  for 12 min (mean t SE). 

Duodenum 75.8 2 1.8& 80.7 t 3.3' 

Jejunum 76.6 2 3.3* 76.8 * 4.1* 
Ileum 

Colon 

Caecum 79.8 I 3 . P  80.2 * 4 . T  

Muscle 82.1 I 3.rb 78.1 2 3.V 

' determined by expressing the SRA of phenylalanine in the intracellular free pool 
as a percentage of the SRA in plasma. 

means & SE within a column bearing dissimilar superscnpt letter differ (P < 
.05) 



intraceiiular free pool in the studied organs is presented in Table 6.1. The levels of 

flooding in ail tissues were similar (P > .OS) for the two dietary treatments. In both 

treatments, the lowest (P < -05) flooding Ievel (-67 %) was observed in the 

pancreas. The flooding levels calculated by expressing mean phenylalanine SRA in 

plasma as a percentage of phenylalanine SRA in the infusate were (mean+SE) 72.4 

+: 1.3 % and 74.9 + 1.4 %, for the casein and BCM diets, respectively. These values 

did not differ (P > .IO). 

The wet weights of ail the organs studied except for muscle are presented in 

Table 6.2. The CC-fed pigs had significantly heavier (P < -05) bers  than those 

consuming the BCM diet. Barley-canola meal fed pigs tended to have heavier (P < 

.IO) duodena and colons compared to the CC-fed pigs whose jejunum tended to be 

heavier (P < .IO) compared to the BCM-fed pigs. Ileum, pancreas and caecum were 

not significantly different between the 2 diets (P > .IO). Table 6.2 also presents the 

weights of the visceral organs relative to EBW. The relative weights of duodenum 

and colon were significantly higher (P < .05) in BCM-fed pigs than in CC-fed pigs. 

The relative weight of the caecum tended to be heavier (P < .OS) in BCM-fed pigs 

than in CC-fed pigs (Table 6.2). 

Table 6.3 presents the Ks based on 20 or 32 min of incorporation t h e .  

Among the organs studied, dietaq treatment affected Ks oniy in the h e r  (P c .01) 

and colon (P < .OS). Within the two treamients, the pancreas and muscle had the 

highest and Iowest Ks, respectively, compared to other tissues. The Ks in the 



Table 6.2. Wet weights of visceral organs of growing pigs fed either a casein- 
cornstarch or barley-canola meal-based diet. 

Tissue Casein Barley-canola Barley- 
canola 

Liver 775.4 2 30.9 675.6 2 15.2b 29.6 & 1.1 30.0 2 0.5 

Pancreas 44.9 -t 6.0 36.0 I 5.1 1.7 & 0.3 1.6 & 0.2 

Duodenum 54.1 2 5.0 65.1 i 2.7 2.1 $r 0.2b 3.0 e 0.1' 

Jejunum 606.9 k 24.9 546.9 t 13.6 23.2 2 1.0 24.3 2 0.7 

Ileum 66.7 k 3.5 67.4 i 7.0 2.5 2 0.1 2.9 2 0.3 

Colon 248.4 2 18.2 302.4 2 22.0 9.5 2 O.? 13.5 2 1.1' 

Caecum 55.7 I 5.9 60.6 2 5.7 2.1 2 0.2 2.7 t 0.2 

* means t SE in a row for weights (g) or relative weights bearing different 
superscript letter differ (P < .OS). 



Table 6.3. Fractional rates (%/d *SE) of protein synthesis in viscerd organs and 
muscle of growing pigs fed either a casein-comstarch- or barley-canola meal-based 
diet and determined assuming the SRA in either the intracellular (1) or plasma (P) 
kee phenylalanuie pool is the same as that in precursor pool for protein synthesis 

20 min incorporation tirne 32 min incorporation time 

Tissue Barley- 
canola 

Barley- 
canola 

Liver 

Panmeas 

Duodenum 

Jejunum 

Ileum 

Colon 

Caecum 

Muscle 

" means I SE in a row within incorporation time bearing different superscript Ietter 
differ (P < .OS). 

means 2 SE within a column and within the same tissue bearing different 
superscript letter differ (P < .OS). 



pancreas caidated using phenyIalanine SRA in the intracellular fkee pool were 

higher (P < .OS) than those calculated using plasma f?ee phenylalanine SRA for both 

treatments. In al1 other tissues intracellular Eree pool based values were or@ 

numerically higher than those derived based on the plasma free pool. As expected, 

fkactional rates of protein synthesis were lower after 32 min as compared to 20 min 

of incorporation (Table 6.3). However, the trends were exactly the same as observed 

at the 20 min incorporation penod. 

The percentage of protein in the various organs ranged fkom 6.7 I 0.7 % and 

6.1 k 0.5 % in the colon to 11.3 A 1.4 % and 10.3 I 1.7 % in the liver of the CC 

BCM fed pigs, respectiveIy. The total amount (g) of protein present in each organ 

on the day the protein synthesis was measured was not different (P > .OS) between 

the two dietary treatments (Table 6.4). However, there was a trend towards a higher 

protein mass in the liver (P < .07) of casein-fed pigs cornpared to their BCM-fed 

counterparts. The absolute protein synthesis rates in g per day and in g per kg BwB 

are presented in Tables 6.5 and 6.6, respectively. The amounts of protein synthesised 

in g per day were higher (P < .OS) in the b e r  and pancreas in the casein-fed pigs 

than in the BCM-fed pigs. No Merences were observed in ail other viscerd tissues 

although synthesis rates in the casein fed pigs were nurnencally higher in most tissues 

compared to the BCM-fed pigs (Table 6.5). However, a trend towards a higher 

protein content in jejunum of casein-fed pigs than BCM-fed pigs was observed when 

calculated assuming plasma as precunor pool after 20 min of incorporation. When 

expressed as gram of protein per day per kg Bw", protein synthesis rates were 
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Table 6.4. Total protein mass and protein mass per kg BWB present in visceral 
organs of growing pigs fed either a wein-cornstarch or barley-canola meal-based diet 
on the day that protein synthesis rates were measured in the visceral organs (mean 
+ SE). 

Tissue 
- - -  - -- - - 

Liver 88.0 & 7.2 70.2 2 4.9 7.42 0.59 6.53 2 0.45 

Pancreas 3.9 * 0.5 2.8 0.5 0.33 I 0.04 0.26 & 0.05 

Duodenum 4.3 2 0.5 5.0 k 0.4 0.36 k 0.04 0.46 & 0.03 

Jejunum 57.9 & 3.8 50.3 =r 4.5 4.87 -C 0.28 4.67 t, 0.39 

Ileum 5.6 2 0.2 5.6 _t 0.7 0.47 2 0.02 0.52 k 0.07 

Colon 19.9 2 1.7 19.1 I 0.8 1.68 0.15 1.78 * 0.08 
Caecum 3.7 2 O S  3.7 & 0.5 0.31 2 0.03 0.35 +: 0.04 



similar (P > -05) in ail tissues irrespective of diet treatrnent (Table 6.6). 

65 Discussion 

One of the major concems regarduig the use of the flooding-dose procedure 

for measuring PSR is that the administration of a large dose of an amino acid to an 

animal may by itself idkence the rate of protein synthesis (Rennie et al., 1994). 

Plasma giucose and insulin concentrations were determined in the present study to 

assess the impact of infusing a flooding-dose of phenylalanine on these indicators of 

metabolic status in the pig and to c0nii.m Our earlier observations (Chapter V). 

Within each dietary treatment, the glucose concentration in plasma did not change 

significantly over the entire experimental period, although concentrations were 

different between the two treatments (Figure 6.1B). During the experiment, the levels 

of plasma glucose averaged 5.78 2 0.18 and S. 19 2 0.25 mm01 L1 for the CC-fed and 

BCM-fed pigs, respectively. These values are in close agreement with the range of 

values (5.48 to 6.03 mm01 L-') reported for plasma glucose concentration in growing 

pigs (Antinmo et al., 1978; Le Floc'h et al., 1995; Chapter V). The present results 

also agrees with our earlier finding indicating no significant change in plasma glucose 

concentration following a fiooding dose of phenylalanine. In a study with sheep, 

Southom et ai. (1992), also found no change in plasma glucose concentration over 

a period of 60 min when a flooding dose of phenylalanine was administered at the 

sarne rate as used in the curent study. 

Repeated measure analysis of variance showed that for each treatment, 
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Table 6.5. Absolute protein synthesis rates (gld) in viscerd organs of growing pigs fed 
either a casein-cornstarch- or barley-canola meal-based diet and determined assuming 
that the SRA in either the intracellular (1) or plasma (P) £iee phenylalanine pool is 
the same as that in the precursor pool for protein synthesis 

20 min incorporation time 32 min incorporation time 

Tissue Barley- 
canola 

Barley- 
canola 

Liver 

Pancreas 

Duodenum 

Jejunum 

Ileum 

Colon 

Caecum 

* means + SE in a row within incorporation time bearing dinerent superscnpt Ietter 
differ (P < .OS). 



Table 6.6. Absolute protein synthesis rates (g/d/kgn) in viscerd organs of growing pigs 
fed either a casein-comtarch- or barley-canola meal-based die: and determined 
assuming that the SRA in either the intraceUu1a.r (1) or plasma (P) free phenylalanine 
pool is the same as that in the precursor pool for protein synthesis' 

- - - -  - - -- 

20 min incorporation time 32 min incorporation time 

Tissue Barley- Barley- 
Casein canoIa Casein canola 

Liver 

Panffeas 

Duodenum 

Jejunum 

Ileum 

Colon 

Caecum 



circulating plasma insulin concentration dropped significantly within 3 min after the 

start of the infusion and then remained relatively unchanged until the pigs were 

killed. The higher level of insulin (and glucose) in the CC-fed pigs compared to the 

BCM-fed pigs could be expected as the CC diet was much more digestible compared 

to the BCM diet (Nyachoti et al, 1997b). The overail plasma insulin concentration 

in the CC-fed pigs was 80.6 * 9.2 pmol L-: a value that is similar to the 

concentration determined in pigs at similar BW and fed the same diets (Chapter V, 

û4.4 pmol L") and agrees close& with concentration (89 pmol L-') observed by Le 

Floc'h et al. (1995). The absence of an increase in circulating insulin levels in the 

current study contradicts earlier observations in the rat suggesting that injecting a 

flooding-dose of phenylalanine instantly increases the concentration of circulating 

insulin foUowed by a very rapid fall (McNurlan et al., 1982). However, the spike in 

plasna insulin concentration seems to be related to the length of t h e  over which the 

dose is applied. Indeed, studies with sheep have show a significant increase in 

plasma insulin concentration when a flooding dose of phenylalanine was administered 

over a shorter infusion penod as opposed to a longer period (Lobley et al., 1992; 

Southom et al., 1992). The fact that we infused phenylalanine over a relatively long 

penod (12 min) as opposed to givhg a bolus injection (usually lasting 10-15 sec) may 

explain why plasma insulin Ievels remained relatively unchanged after infhing a 

flooding-dose of phenylalanine. 

Both the giucose and insulin data indicate that the flooding dose procedure 

used here did not have significant impact on the rneasured indicators of metabolic 
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status of the pigs during the study. This observation is important considering the 

expressed fear that a flooding-dose of phenylalanine results in a surge in circulating 

insuiin levels and that this may influence the process of protein tunover and, 

therefore, confound results derived using this procedure (Rennie et ai., 1994). 

Whether Ûisulin r edy  has an innuence on protein synthesis in pig tissues has not 

been demonstrated. In an extensive literature review, Garlick et al. (1994) could not 

fhd any evidence that a transient rise in plasma insulin concentration when using a 

flooding dose procedure has any ifluence on protein synthesis. In cases where a 

flooding dose of phenylalanine has been shown to significantly increase the circulating 

insulin concentration, the rate of protein synthesis in skeletal muscle of the rat was 

affected only at insulin levels 6.5 times baseiine values (Garlick et al., 1983). 

The purpose of administering a flooding-dose of labelied phenylalanine is to 

rapidly bring the SRA of phenylalanine in the various amino acid pools to the same 

level so as to eliminate the uncertainty regarding the precursor pool for protein 

synthesis (McNurlan et al., 1979; Garlick et al., 1980; Davis et al., 1989). Specific 

radioactivity of phenylaianine in plasma rose to the plateau value within 3 min of 

starting the infusion and this value did not change sigmficantiy over the course of the 

experiment for both treatments. This suggests that flooding was indeed achieved in 

the present study (Figure 6.3). The ratio between plasma free phenylalanine SRA to 

SRA in the infusate is one way of assessing the level of fiooding achieved with the 

flooding-dose procedure. In the present study these levels were (mean 2 SE) 72.4 -Ç 

1.3 % and 74.9 I 1.4 % in the CC- and BCM-fed pigs, respectively. These values are 
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higher than the value of 52 % observed in sheep (Southom et al., 1992) but are 

between the values of 65 % and 80 % reported by Garlick et al. (1980) and Attaix 

et al. (1986), respectiveiy. The amount of radioactivity in our infusate was 230 

MBq/L, 110 MBq/L higher than the amount used by Southom et al. (1992) and may 

explain part of the observed dinerences. Another way of assessing the success of 

flooding is to determine whether flooding is achieved in incihidual tissues. This is 

done by dividing the SR4 of phenyldanine in the intracellular free pool by 

phenylalanine SRA in the plasma fiee pool. Theoretidy, this ratio shouid approach 

unity. However, it wilI never be unity because of the dilution of partly labelled plasma 

amino acids with unlabeiled amino acids derived from protein degradation in the 

intracellular free amino acid pool (Davis et al., 1989). Furthemore, the level of 

flooding in various tissues will be a reflection of the rate with which amino acids are 

absorbed fiom the blood plasma. 

The level of flooding achieved in the current study in the various tissues 

ranged from 67.8 2 2.9 % and 67.7 -t 5.2 % in the pancreas of the CC- and BCM- 

fed pigs, respectively to 83.8 2 3.3 % in the ileum of the CC-fed pigs to 83.6 t 1.9 

% in the liver of the BCM-fed pigs (Table 6.1). The flooding levels observed in the 

b e r  (83.1 t 1.9 % and 83.6 2 1.9 % for CC- and BCM-fed pigs, respectively) and 

jejunum 75.1 2 3.8 % and 76.8 2 4.1 % for the CC- and BCM-pigs, respectively) 

agrees closely with hdings of earlier studies with the flooding dose procedure in rats 

which showed a fiooding level of 75 % in jejunal mucosa (McNurlan et ai., 1979) and 

85-90 % in the liver (McNurlan et ai., 1979; Gariick et  al., 1980). In sheep, Southorn 
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et al. (1992) observed a substantially lower flooding level (57 to 67 %) in the iiver 

cornpared to the cunent results; an observation they attn'buted to possible ciifference 

in hepatic smcture among species or contamination with highly IabeUed blood. 

Flooding level in the duodenum was lower in the current study compared with the 

92 % level observed in sheep (Southom et al., 1992). 

The flooding level in muscle of about 80 % seen in the current study is 

somewhat lower than expected conside~g that skeletal tissues have lower protein 

turn over rates compared to visceral organs (Lobley, 1988). However, it has been 

suggested that it is more difficult to flood muscle tissues because of the relatively slow 

uptake of plasma amino acids into muscle cells (Davis et al., 1989). High flooding in 

the muscle (91 to 100 %) relative to SRA in the infusate has been observed in piglets 

@en a bolus injection of 'H-phenylalanine and killed 10 min later (Sève et al., 1986). 

The differences in the amount of radioaaivity in infusates, mode of administration 

(injection vs 12 min infusion) and length of incorporation t h e  (10 min vs 32 min) 

may explain part of the differences in flooding levels observed in the two studies. 

Protein synthesis rates were calculated based on either the plasma fiee or 

intracellular £ree pool as the amino acid precursor pool for protein synthesis. These 

values were statistically simifar in all tissues except in the pancreas. This is in 

agreement with observation made by Garlick et al. (1994), who suggested that 

rneasurements based on either the plasma or intraceflular free amino acid pool is 

adequate to define the precursor SRA However, PSR based on the SRA in 

intracellular free pool were numerically higher than those based on the plasma free 
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pool SRA. It should be noted that the intracellular fiee pool is used more ftequently 

(McNurlan et al. 1079; Reeds et al, 1982; Garlick et al., 1983; Sève et al., 1986) while 

others have used both the intracellular and plasma £ree pools (Lobley et al., 1980; 

Davis et al., 1981; Southorn et al., 1992). Fem et al. (1974) have shown that the 

intracellular free pool provides a better estimate of the SRA in the aminoacyl-tRNA 

than does the SRA in the plasma free pool. For this reason it is suggested that PSR 

values derived fiom the intraceliuiar fiee S R 4  provide better estimates of the actual 

PSR than those derived fkom the plasma free SRA. Since phenylalanine SRA in 

plasma was at a plateau 3 min after the start of infusion (see Figure 6.3), values 

determined assuming a 32 min incorporation time (i.e. since the start of the infusion) 

are likely a better reflection of the PSR in this organs. 

Of all the tissues studied, significant diet effects on Ks were observed only in 

the ber and colon (Table 6.3). The availability of nutrients in the CC-based diet was 

signifîcantly higher than in the BCM diet as shown in our previous study (Nyachoti 

et al., 1997b). According to Amentano et al. (1994) and Volman et al. (1998), the 

liver is a major site for amino acid metabolism and, therefore, the high protein 

turnover rates observed in the livers of CC-fed pigs was likely due to their adaptation 

to metabolize the relatively large amount of available nutrients in the CC diet. The 

absolute amount of protein synthesised per d was significantly difterent only in the 

liver and pancreas. The values observed in the Liver (87.2 & 6.2 and 61.4 I 8.6 g/d, 

for the CC- and BCM-fed pigs, respectively) based on SRA in the intraceliular fiee 

pool and 20 min of incorporation are comparable with the value of 60.1 g/d reported 
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by Garlick et  al. (1976). There were no significant differences when the synthesis 

rates were corrected for the metaboiic B W  (kgaz) of the pigs. Based on the SRA in 

plasma fiee amino acids, the values of (mean 2 SE) 4.87 I 0.11 and 4.05 + 0.59 

observed in the liver of CC- and BCM-fed pigs after 20 min incorporation tirne, 

respectively, are comparable with a value of 3.78 2 0.32 g/d/kgQfS observed in the liver 

of 4 week old broder chickens (Tesseraud et al., 19%). In that study, the intracellular 

free SRA and 10 min incorporation t h e  was used for calculating PSR. 

Based on phenylaianine SRA in the plasma £ree pool, the rates of muscle 

protein synthesis after 32 min of incorporation for the casein (19.4 +. 3.0 %) and 

BCM (17.9 2 1.6 %) fed pigs are in close agreement with results (16.4 to 18.2 %) in 

10 d suckled piglets (Sève et al., 1986). However, the current results, and those of 

Sève et al. (1986) indicate that protein synthesis in the muscle of growing pigs is 

much higher than the rate of 7.6 % per d obtained in the gastrocnemius muscle of 

20-30 kg pigs (Edmunds et al., 1978; Simon et ai., 1978) or in the leg muscle of 70 

kg pigs (Garlick et al., 1976). It is important to note, however, that both Edmunds 

et al. (1978) and Gariick et ai. (1976) used the constant infusion of tracer amino 

acids; a technique that is know to underestimate the rates of protein turnover in 

various tissues (Lobley, 1988). 

In a previous study we showed that feeding the BCM diet used in the present 

study induces a significantly higher amount of endogenous N £iow at the distai ileum 

compared to feeding the CC-based diet (Nyachoti et ai., 1997b). Based on this 

observation, we hypothesized that feeding a diet that induces a high amount of 
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endogenous N flow at the distal ileum wiil also induce a high rate of protein synthesis 

in the gut tissues to replace the lost protein. The Ks observed in the current study, 

however, does not support this hypothesis (Table 6.3). Of ali the tissues studied, 

signincant diet effects on Ks were observed only in the liver and colon (Table 6.3). 

Among the factors that influence the flow of endogenous N at the terminal ileum is 

the content and type of dietary nbre (Boisen and Moughan, 19%; Nyachoti et ai., 

1997a). Dietaxy fibre increases endogenous N not oniy through its abrasiveness which 

increases the sloughing off of the gut mucosa, but also through increasing digesta 

viscosity which in turn hinders adequate interaction between endogenous N and 

digestive enzymes (Chesson, 1993; Inborr et al., 1994). This results in inadequate 

recychg of endogenous N in which case most of it is excreted. Aithough digesta 

viscosity was not determined in the current study, it is suggested that the differences 

in endogenous N flow observed in the experiment reported in Chapter V was due to 

the differences in the efficiency of reabsorbing endogenous gut proteins rather than 

due to differences in rates of protein synthesis in the gut tissues. A similar proportion 

has also been suggested by Grala (1998). It is important to note, however, that in the 

cwrent study we looked at the overd protein synthesis rates as opposed to synthesis 

rates of specific proteins. It may as weli be that the synthesis rates of certain types 

of proteins (eg. mucoproteins) were affected to different extent as hypothesised by 

(Lien et al., 1997). 



Diets that induce high endogenous gut protein losses did not have a signincant 

effea on the rates of protein synthesis in the srnail intestine of growing pigs. It seems, 

therefore, that the main consequence of feeding such diets is the effect on 

endogenous protein lossesper se and therefore ways of miniminng such losses shodd 

be identified. 



7.1 Absaract 

Organ size and in vino oqgen consumption by the visceral organs were 

determined in growing pigs. Fifteen Yorkshire barrows (with an average final B W  of 

26.3 kg) were fed dies based on casein-cornstarch (CC), barley-canola meal (BCM) 

or barley-canola meal-alfilfa meal (BCM-ALF) in a completely randomised design 

for three weeks. Ali âiets were formulated to a similar DE:CP ratio. Pigs were fed 

at 2.6 x maintenance energy requirements twice daiiy for 3 weeks and then every 3 

h for 3 d before rneasuring oxygen consumption. Pigs were kiüed 1 h postfeeding and 

samples of the liver, jejunum, colon and caecum taken immediately after death. In 

vin0 oxygen uptake was determined polarographicaliy using a Yellow Springs 

Instruments F I )  oxygen monitor. BCM and BCM-ALF fed pigs had heavier (P c 

.05) visceral organs relative to empty body weight (EBW) compared to the CC fed 

pigs. Per g of her and mucosal tissue, oxygen consumption was not influenced by diet 

(P > .IO). However, per g of tissue, oxygen consumption was higher (P < .OS) in the 

caecum muscularis of pigs fed BCM and BCM-ALF than in the CC-fed pigs. Per kg 

of EBW, total oxygen uptake in the liver (P c .OS) and colon (P < .ûû1) of BCM and 

BCM-ALF fed pigs was higher than in CC pip. It was concluded that feeding pigs 

high fibre diets, lead to heavier visceral organs relative to EBW and this has direct 



impücations on the efficiency of energy utilkation by repartitiming nutrients fkom the 

accretion of edible carcass to the visceral organs. 

7.2 Introduction 

Although the visceral organs represents a proponionally small part of the 

whole animal body, they are reported to account for a significant amount of the total 

body energy expenditure (Gill et al., 1989; Yen et al, 1989; Huntington, 1990). For 

instance, Yen et al. (1989) estimated the contribution of gut tissues and the iiver to 

whole animal oxygen consumption to be about 25 % and 20 96, respectively, in the 

growing pig. Two major processes, name$ the Na', K+ pump and protein turnover 

are lmown to be responsible for the high energy expenditure by gut tissues and the 

liver (Lobley et al., 1988; Kelly and McBride, 1989; McBride and Kelly, 1990). Studies 

with other livestock species show that these processes are infiuenced by the level of 

nutrition and diet composition (Yen et al., 1989; Kelly et al., 1993; Finegan, 1996). 

Although in the experiment reported in Chapter VI diet did not have a significant 

effect on gut protein synthesis, this study was conducted to confirm these 

observations. A hi& fibre diet was included in the present study to ensure that any 

possible dietary effects are detected. 

Diet composition and in particular dietary fibre content influences the mass 

of Wceral organs. Pigs fed high fibre diets have heavier visceral organs and longer 

gas?rointestinal tracts relative to empty body weight (EBW) compared to those fed 

low fibre diets (Pond et al., 1988; Jorgensen et al., 1996). Diets that are high in fibre 

121 



or other anti-nuiritional factors are also h o w n  to increase the amount of endogenous 

gut N losses in pigs (Butts et al., 1993; Boisen and Moughan, 1996; Nyachoti et al., 

1997a). Feeding àiets that increase both endogenous N losses and visceral organ 

mas, may lead to increased metabolic activities in the gut tissues with a net effect 

of elevating their energy demand (Reeds et al., 1985). However, the existence of such 

a relationship has not been dernonstrated in pigs fed different feeds. Estimates of 

oxygen consumption by the gut and measuring the sizes of various gut organs may 

provide a better understanding of the metabolic consequences of feeding growing pigs 

dieu that induces high endogenous gut N losses and increase sizes of viscerd organs. 

The present study was undertaken to determine in vina oxygen consumption 

by the viscerai organs in growing pigs fed a casein-cornstarch-based control diet or 

two high fibre diets based on barley-canola meai with or without alfalfa meal. The 

effect of diet on organ weights was also assessed. 

73 Materials and methods 

73.1 AMMLr, HorcrPig Md Dktx 

The use of animals in this study was reviewed and approved by the Animal 

Care Cornmittee of the University of Guelph and animals were cared for according 

to the guidelines of the Canadian Council on Animal Care. Fifteen growing Yorkshire 

barrows with an average initial body weight (BW) of 18 kg were obtained nom Arkell 

Swine Research unit at University of Guelph for use in the present study. They were 

housed in individual pens with tender foot flooring in a temperature controlled room 



(20 to 22 OC) and ailowed to adapt to th& new environment and diets for a 

minimum of 3 weeks before measurement of in vùro axygen consumption in selected 

organs. 

Two dieu based on either casein-cornstarch (CC) or barley-canola meal 

(BCM) (same as Diet 1 and 4 used in Chapter IV, Table 4.1) and a third diet based 

on barley-canola meal and alfaifa meal (BCM-ALF) were used in this experiment 

(Table 7.1). The dieu were forrnulated to meet or exceed NRC (1988) requirements 

for vitamins and miner* and to contain a similar digestible energy to protein ratio. 

Pigs were @en their daily feed allowance in two equal arnounts (at 08.00 and 20.00 

h) and intake was restricted to 2.6 times maintenance energy requirement (ARC, 

1981). During the last 3 d pnor to the start of the study, the feeding schedule was 

changed to 3-hourly feeding so as to maintain steady state conditions (Lobley et al., 

1992). 

732Gmemlwnriuctofthes&uiy 

Five pigs were randomly assigned to one of the three diets. For the 

measurement of in vitro oxygen consumption, three pigs were H e d  per d by an intra- 

cardiac injection of a lethal dose of sodium pentobarbitol on 5 consecutive days. On 

oach d, one pig fiom each treatment was picked at random and lnlled 1 h after 

feeding. A tirne interval of 3 h was aiiowed between animals. Samples of h e r  (left 

lobe), jejunum (2 m from stomach), colon (40 cm £kom caecum), and caecum were 

taken immediately after death, cleaned with ice-cold Krebs-Henseleit buffer and then 
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Table 7.1. Ingredient composition (%), calculated DE and DECP of the 
experimental diets (as fed basis) 

- 

Ingredient Casein Barley-canola BCM-ALE" 

Alfalfa meal 

Barley 

Canola meal 

Casein 

Corn starch 

Sucrose 

T e s t o n e  

Dicalcium phosphate 

Fat (A/V blend) 

Iodized salt 

Vitamin prembi' 

Mineral pre- 

Aifafloc 

Calculated DE, kcal/kg 

DE:CP ratio 

a BCM-ALF, barleysanola meal-alafalfa meaI diet. 
Vitamin premix supplied the foiiowing per kg of finished feed: Vit A, 12000 IU; Vit D, 1200 nr; Vit 

E, 48, Vit K, 3 mg; choline, 400 mg; pantothenic acid, 18 mg; Riiflavin, 6 mg; Folk aàd, 24 mg; 
Niacin, 30 mg; Thiamin, 1.8 mg, Vit B, 1.8 mg; Biotin, 0.24 mg; Vit B, 0.m mg. 

Mineral p r e a  supplied the foiiowing per kg of finished feed: Cu, 15 mg; Zn, la0 mg; Fe, 100 mg; 
Mn, 20 mg; 1,03 mg, Se, 03 mg. 



placed in kesh ice-cold Krebs-Henseleit buffer for transport to the Iaboratory. 

Measurernent of oxygen consumption started within 20 min of slaughter and was 

completed in about 1 h. Duplicate subsamples (15 to 30 mg fresh weight) of liver 

(thin slices), intact mucosa (fkorn each gut segment) and muscularis (fiom caecum 

on@) were dissected out under x10 rnagnincation, blotted dry on Kimwipes and 

weighed. Samples were then placed in 4 mL of Ml99 medium (Sigma Chemicals? St. 

Louis, MO) followed by oxygen consumption measurement. In vitro oxygen uptake 

was measured polarographically using a YS1 (Yellow Springs Instruments Inc., Yellow 

Springs, OH) Clark-style oxygen electrode. The tissues were maintained in 4 mL of 

Ml99 medium at pH 7.4 and 37 OC during measurement of oxygen uptake for 10 min 

(Kelly et al., 1993). Measurements were derived fkom the linear phase of oxygen 

uptake charts. The DM content of the samples used in determining oxygen uptake 

were estirnated from values determined in similar samples (40 to 50 mg) taken from 

the same spot. Another larger (- 2.5 g) section of each gut segment was dissected, 

blotted and then weighed before scrapping off the mucosal tissue using a microscope 

slide. The mucosa and muscularis tissues were weighed separately pior to 

deterrnining DM contents by oven drying at 100 OC for 12 h (AOAC, 1990) and the 

values used in calculating the total dry weight of mucosa and muscularis, respectively, 

in the gut segments. The rest of the liver and segments of the gut were cleaned of 

digesta and weighed. 



733 Calaclirtiom und stimmd 0 .  

rmalLsU 

Oxygen consumption was caiculated either as mL of oxygen per g of tissue dry 

matter per h (weight-specific oxygen consumption) or as total mL of oxygen 

consumed by the whole tissue per h. Weight-specific q g e n  consumption detennined 

in the caecum muscularis was assumed to be the same as that in the muscularis of 

the srnail intestine and colon for calculating total oxygen consumption. Total oxygen 

consumption by each organ was also calculated relative to EBW. For caldating 

EBW, it was assumed that gut £iU in the CC-, BCM- and BCM-ALF-fed pigs was 

taken to be 3%, 5% and 8.2% of EBW, respectively (Mohn and de Lange, 

unpublished observation; Jorgensen et al., 1996). Relative organ weights (g/kg EBW) 

were calculated by dMding the weight of each organ by the EBW. The data were 

subjected to anaiysis of variance using the GLM procedures (SAS, 1985) with diet as 

the source of variation. When significant diet effects were obtained, differences 

between means were compared using Duncan's multiple range test (Steel and Tome, 

1980). 

7.4 R d t s  and Discussion 

AU pigs remained hedthy and consumed aii their feed throughout the 

experiment. The CC- and BCM-fed pigs had simiiar BW and EBW at the end of the 

study and both were heavier (P < -01) compared to those fed the BCM-ALF diet. 

AU pigs were killed 1 h post feeding so as to allow measurements of oxygen uptake 

to be made approximately 2 h from death; a time interval that corresponds to the 
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interval used in the protein synthesis shidy (Chapter VI). 

Barley-canola meal and BCM-ALF fed pigs had heavier (P c -01) colons as 

compared to the CC fed pigs. Wet weights of the other organs were not affected by 

diet (P > .IO) (Table 7.2). In generai, the BCM and BCM-ALI? fed pigs had heavier 

(P < -05) visceral organs relative to EBW compared to those fed on the CC diet 

(Table 7.3). After correcting for DM, the effect of diet on the relative weights of 

visera1 organs was sigmficant only in the liver (P < .OS) and colon (P c .01). 

However, numericaliy, it was larger in the smail intestine, caecum and total gut of 

BCM-ALS-fed pigs than in the CGfed pigs. Due to the small number of pigs per 

treatment and the large variability, substantial numericd effects are not statistically 

signincant. The present data corroborates previous evidence suggesting that feeding 

high fibre diets causes an increase in the visceral organ mass in rats, pigs and sheep 

(Kelly et al., 1993; Zhao et al., 1995; Jorgensen et al., 1996). Per kg EBW, the wet 

weights of colon and caecum were 15.5 - 17.5 and 2.22 - 2.94 g, respectively, which 

agrees closely with the values (17.23 and 2.83, respectively) reported by Jorgensen et 

al. (1996). The smail intestine weights relative to EBW were higher in the present 

study compared to the values observed by Jorgensen et al. (19%). High fibre dieu 

have greatest impact on the colon; an observation that is most likely due to the 

distension and lengthening of this part of the gut where most of the fibrous feed 

components are digested (Jorgensen et al., 1996; Rérat, 1996). The heavier colons in 

pigs fed high fibre diets is associated with increased protein synthesis rates in this 

organ as seen in Chapter VI. 



Table 7.2. Body weights, wet organ weighu and dry weight of gastrointestinal mucosal 
and muscularis tissues and b e r  of growing pigs fed casein-cornstarch- (CC), barley- 
canola meal- (BCM) or barley-canola meal-alfalfa meal @CM-ALF)-based diets. 

Item CC BCM BCM-ALF SEM 

Intial body weigh (kg) 

Final body weight (kg) 

Empty body weight' (kg) 

Wet orgon weight (g) 

Liver 

Srnall intestine 

Colon3 

Caecum 

Total GIT 

D y  weight - Mucosal hsue (g) 

Srnall intestine 

Colon 

Caecum 

Dly weight - Mu~cuiuri~ (g) 

SmaU intestine 

Colon 

Caecum 

Dry weight 
Liver (g) 

' p l e d  standard error of the means. 
contribution of gut fill to BW: 3%. 5% and 82% for the casein, BCM, and BCM-ALF fed pi@, 

respective& 
3 n = 4 for the casein diet 
4 GIT exciudes the stomach 
8b means in a row with dissimilar superscripts differ (P < .OS). 



Table 7.3. Viceral organ weights (@kg empty Bw) in growing pigs fed casein- 
cornstarch- (CC), barley-canola meai- (KM) or barley-canola meai-alfalfa meal 
(BCM-AU?)-based diets. 

Die t 

Item CC BCM BCM-ALF SEM 

Wa o p  weightc 

Liver 

S m d  intestine 

Colon 

Caecum 

Total GïP 

my o p  weighlc 

Liver 

SmaU intestine 

Colon 

Caecum 

Total GIT3 

l contribution of gut nII to BW: 3%, 5% and 8.2% for the casein, BCM, and BCM-ALF fed pigs, 
respectively. 
2 pooled standard error of the means. 
3 GIT excludes the stornach. 
ib means in a row with dissimilar superscripts diner (P < .05). 



The total amount of mucosa in the colon of BCM and BCM-ALF fed pigs was 

higher (P c .01) than in the CC fed pigs (Table 7.2). No diet effect was observed in 

the weight of the musdaris tissue kom different segments of the gut (P > -10). The 

relative contribution of mucosa to the totai dry weight of the gut segments was 

signifïcantiy influenced by diet in the jejunum (P < .05), and colon (P < .01) but not 

in the caecum (P > .IO). The total amount of mucosa represented (mezn 2 SE) 

0.795 I 0.008,0.772 I 0.005 and 0.768 I 0.009 of the total dry weight of the jejunum 

in CC, BCM and BCM-ALF, respectively. These respective values were 0.322 5 

0.306, 0.431 0.013 and 0.416 i 0.007 in the colon. in the caecum, the dry mucosa 

weight as a proportion of the totai dry caecum weight averaged 0.285 across 

treatments. The dry jejunal mucosa weight observed in the present study contriiuted 

to approximately 0.775 of the total jejunal dry weight; this value agrees closely with 

values of 0.62 to 0.76 reported in sheep fed concentrate-based diets (Rompaia and 

Hoagland, 1987; Finegan, 1996). The contribution of mucosal weight to the total 

weight in the colon of sheep (range 0.55 to 0.61) reported by Finegan (1996) is 

somewhat larger than seen in the present study. The trends in mucosal development 

seen here fits in weil with what could be expected based on the differences in site of 

digestion and nutrient absorption when pigs are fed the type of diets used in the 

current experiment (Rérat, 1996). The CC diet is highly digestible (Nyachoti et al., 

199%) and therefore nutrients were likely readily avaiiable in the upper gut thus 

Ieading to more development of the mucosa in this segment of the gut to facilitate 

nutrient absorption. Relatively a larger proportion of the BCM and BCM-ALF diets 
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is digested by microbial fermentation in the hind gut and speci£icaiiy in the colon 

which stimulated mucosal development in this segment of the gut (Pond et al., 1988; 

Jorgensen et al., 1996; Rérat, 1996). 

Oxygen consumption per g DM of the liver, mucosa and muscularis tissue of 

gut segments is presented in Table 7.4. Dietary treatment did not influence weight- 

specinc oxygen uptake in the h e r  and mucosal tissue of jejunum, colon and caecum 

(P > .OS). Weight-specific respiration in the muscuiaris tissue is also shown in Table 

7.4 and was different (P < .05) among treatments. It was higher in the BCM and 

BCM-ALF diets compared to the CC diet. The higher respiration rate in the 

rnuscularis tissue is likely a reflection of the amount of (undigested) material that 

needs to be moved through the digestive tract. The lack of diet effect on weight- 

specific respiration observed in the present study, is in good agreement with results 

of previous studies with other livestock species ( B h  et al.; 1990; Kelly et al.; 1993; 

Finegan, 1996). To our knowledge, similar data are not available for pigs. Weight- 

specific metabolic activity in sheep fed either forage or concentrate based diets for 

8 weeks was reported by Finegan (1996) to be 7.56 vs 6.42 in jejunum, 4.79 vs 4.74 

in caecum and 5.77 vs 3.66 wg/h in the colon. The data obtained in the current 

shidy agrees closely with the results seen in the sheep colon and caecum but not in 

jejunum. Species differences and differences in stage of development and growth 

rates may explain the differences in weight-specific oxygen uptake seen in the 

jejunum of pigs compared to the values reported for the sheep. It is likely that the 

demand for nutrient supply in a young fast growing pig as those used in the current 
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Table 7.4. Oxygen consumption by the b e r  and gastrointestinal tract mucosal and 
muscularis tissues ( m g  dry matterm) in growing pigs fed casein-cornstarch- (CC), 
barley-canola meal- (BCM) or barley-canola meal-alfalfa meal (BCM-ALI?)-based 
diets. 

Tissue CC BCM BCM-ALF SEM1 

Mucosal tissue 

Jejunum 

Colon 

Caecum 

Caecum 

pooled standard error of the means. 
* means in a row with dissimilar superscripts M e r  (P < .OS). 



study is much higher than in a mature slow g r h g  animal as used in the sheep 

studies. 

The total oxygen consumption by the liver, mucosa and muscularis tissues of 

the gut is presented in Table 7.5. Diet had sipnincant effect on the total q g e n  

consumption by the mucosal tissue of the colon. It was lower (P < .OS) in the CC fed 

pigs than in the BCM and BCM-ALF fed pigs, which in turn were simiiar (P > .OS). 

However, diet had no effect (P > .05) on the total amount of oxygen consumed by 

the b e r  and mucosal tissue of the small intestine and caecum although values for the 

caecum mucosa in the BCM and BCM-ALF fed pigs were numerically higher than 

in the CC pigs (Table 7.5). Diet treatment had a signifïcant (P < .05) impact on the 

total amount of oxygen consumed by the muscularis tissue of the small intestine, 

colon and caecum (Table 7.5). It was higher in the BCM and BCM-ALF diets than 

in the CC diet; an observation that was Likely due to increased motor actMty in the 

colons of pigs fed diets with low digestibilities (Fioramonti and Bueno, 1980). 

Per kg of EBW, total oxygen consumption was sigmficantly affected by diet 

treatment in the b e r  (P < .OS) and colon (P < .001) and was numerically higher in 

the caecum and total gut of BCM and BCM-ALF fed pigs compared to CC fed pigs 

(Table 7.6). In general, these observations are in line with previous reports that total- 

gut ovgen consumption is affected more by rnass changes than by weight-specific 

respiration (Burrin et al., 1990; Keily et al., 1993; Finegan et al., 1996). 

The present study together with results of others (Pond et al., 1988; Anugwa 

et al., 1988; Jorgensen et al., 19%) has provided evidence that diet type a.fFects the 
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Table 7.5. Total q g e n  consumption by the liver and gastrointestinal tract mucosal 
and muscularis tissues (mIJh) in growing pigs fed casein-cornstarch- (CC), barley- 
canola meal- (BCM) or barley-canola meal-alfalfa meal (BCM-ALF)-based diets. 

-- 

Die t 
-- 

Tissue CC BCM BCM-ALF SEMl 

Mucosal tissue 

S m 4  intestine 

Colon 

Caecum 

Mwculark tissue 

Srnall intestine 38.3b 

Colon 48.6flb 

Caecum 10.W 

pooled standard error of the means. 
' means in a row with dissimilar superscripts m e r  (P < .05). 



Table 7.6. Total q g e n  consumption (mUh/kg empty BW) by the visceral organs in 
growing pigs fed casein-cornstarch- (CC), barley-canola meal- ( K M )  or barley-canola 
meal-alfalfa meal (BCM-ALF)-based diets. 

Tissue CC BCM BCM-ALF SEM 

Liver 

Small intestine 

Colon 

Caecum 

Total GITT 

' amtribution of gut nII to BW: 346, 5% and 8.2% for the CC, BCM, and BCM-ALF fed pigs, 
respectively. 
2 pooled standard error of the means. 
3 GIT excludes the stomach. 
8b means in a row with dissimiiar superscripts differ (P < .OS). 



metabolic activity of the gut tissues in the pig. This effect is mady related to diet 

effects on relative organ weights. Accordhg to Koong et ai. (1982, 1983), the weights 

of the visceral organs are positively and signincantly correlated with fasting heat 

production of pigs. Furthemore, Yen et al. (1989) reported that in growing pigs, the 

hepatic-portal drained viscera including the gut accounted for a disproportionately 

high (25 %) amount of the whole-body oxygen consumption although they only 

represent a small part of the body weight. These findings plus those of the current 

study suggest that diet induced effects on energy expenditure in visceral organs has 

an impact on whole-body energy expenditure in growing pigs. Feeding diets that 

induce high viscerd organ mass will reduce the efficiency of utilking available energy 

intake for lean meat accretion. In addition diet effects on endogenous gut nitrogen 

losses in the pig should be considered (de Lange et al., 1989a; Schulze et al., 1994b, 

199%; Chapter ni). The BCM diet used in the present study was shown in Chapter 

IV of this thesis to actually increase endogenous gut nitrogen losses compared to the 

CC diet. These effects on whole body energy expenditure and ENL should be 

considered in addition to diet effects on the supply of truiy digestible nutrîents. 

Implications 

Per g of tissue, energy expenditure by the he r ,  small intestine, colon and 

caecum is not affected by diet composition. However, the total amount of energy 

expended by these organs is signincantly influenced by diet composition mainly 

because of diet effects on the organ mass. It is concluded that feeding diets that will 
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lead to heavier visceral organs wül reduce the efficiency of converting dietary energy 

into energy retained in lean meat. 



cEuwERvrII 

General Discussion 

In formulating swine diets with respect to amino acid supply, apparent ileal 

digestibilities are used as reasonable estimates of amino acid availability. However, 

apparent amino acid digestiiilities underestimates their true digestibilities because 

apparent digestibilities are confounded with endogenous gut protein that is secreted 

into the gut lumen and that is not reabsorbed (Sauer and Ozimek, 1986). 

Furthemore, there are concerns regarding the additivity of apparent as opposed to 

tnie ileal amino acid digestibilities (de Lange 1989; Moughan, 1995; NRC, 1998). For 

proper feed formulation, it is important that amino acid digestiiiiities detennined in 

individual feedstufb are additive in a mixture of ingredients. Finally, protein that is 

not absorbed pnor to the terminal ileum cannot be used for protein accretion; it is 

eventu- excreted in urine and faeces and may thus conmaute to environmental 

pollution (2ebrowska et al., 1978; Krawielitzki et al., 1983). For these reasons, 

endogenous gut protein secretions have received a lot of attention in swine nutrition 

research. Many of these studies have focused on methodologies for proper 

quantification of endogenous N losses (ENL) at the end of the small intestine and on 

diet and animai factors that induce high ENL (de Lange et al., 1989a, b; Butts et al., 

1993a; Marty et al., 1994; Schulze et ai., 1994b, 1995a, b). These studies have clearly 

shown that feeding pigs practical feeds causes much higher ENL than feeding purified 

andfor protein-free diets. As discussed in Chapter II, Section 2.4.3 and recentiy by 

Grala (1998), high ENL are likely to represent a metaboiic cost to the pig which is 
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larger than the energy and amino acid content of ENLperse. The studies descnied 

in this thesis were designed to address the hypothesis that feeding diets that induce 

high ENL will also lead to enhanced energy expenditure in the gut tissues. 

The issue regarding the method of choice for measuring ENL in pigs is not yet 

resolved. As discussed in Chapter II, ali the methods that have been tried thus far 

have strengths and limitations. Based on a review of the literature (Chapter EI), the 

homoarginine (HA) method which involves the chernical transformation of dietary 

lysine into its amino acid analogue, homoarginine, in a guanidination reaction with 

rnethylisourea (Hagemeister and Erbersdobler, 1985), was chosen to quanti@ the 

amount of ENL induced by the diets used in the present studies. Because the HA 

rnethod has had limited evaluation with practical feedstuffs, research reported in 

Chapter III was devoted to determining the optimal conditions for lysine 

guanidination in the feedstuffs used in the current studies. The results showed that 

by manipulating the concentration of methylisourea and the length of reaction t h e ,  

the rate of conversion of dietary lysine into HA cm be increased substantially. This 

fhding is important because it indicates that a great degree of randomness in lysine 

conversion can be achieved in practical feedstuffs which is a major requirement for 

a reliable use of this method (Ruîherfurd and Moughan, 1990; Siriwan et al., 1994). 

It was reported in Chapter IV that the HA method can be used to quant@ ENL in 

pigs fed practical feedstuffs such as canola meal and barley and that this method cari 

be used in diets containing more than one protein source. The results of this 

experiment showed that feeding diets that contain barley or canola meal, causes much 
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higher ENL than reported for purified diets or protein fkee diets. This again 

confirmed results of others (de Lange et ai., 1989b; Butts et al., 1993a; Marty et al., 

1994). The question of addi- of amino acids in a mixture of commoniy used 

feedst&k was addressed in this experiment by including the barley-canola meal 

(BCM) diet. It was demonstrated that true ileal amino acid digestibilities are additive 

in a mixture of barley and canola meal. In contrast, it was observed that apparent 

ileal digestiiilities were not additive. This suggests that true digestibilities should be 

used in practical swine feed formulation. These fidings provide a strong reason for 

further refinement of methods that can be used routinely to quant@ ENL so as to 

allow regular use of tnie ileal amino acid digestibilities in formulating swine diets. 

Such a method will also facilitate studies aimed at reducing ENL as a means of 

reducing the negative impact of swine production on the environment. 

Results of the metabolic consequences of feeding dieu that induce high ENL 

are reported in Chapters VI and W which addresses the impact on protein synthesis 

and enerw expenditure in visceral oigâï~~,  respectively. It should be noted that 

because of the composition of the diet used to induce high ENL, it is not possible to 

establish a relationship between speciiic dietary components and ENL, protein 

synthesis rates or energy expenditure in visceral organs. Such relationships can only 

be established by using diets that difler in only one component know to enhance ENL 

such as speciiïc anthutritional factors or non-starch polysaccharides. Pnor to 

conducting these experiments, it was necessary to validate the method used to 

measure protein synthesis (Chapter V). Because visceral organs have high protein 
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turnover rates, the floodingdose procedure which allows measurements to be made 

within a short time (usually 10 to 20 min), was proposed (Gariick et al., 1980). Its use 

in large livestock species has been validated in sheep (Southorn et al., lm) but not 

in the pig. The m e n t  studies show that administering a flooding dose of 

phenylalanine into growing pigs per se does not alter the metabolic status of the 

animal as evidenced by the insignifiant impact on the circulating levels of plasma 

insulin, glucose and £kee amino acids. Based on this finding, it was concluded that 

phenylalanine flooding-dose procedure is an appropriate technique for measuring 

protein syn~esis rates in the gut tissues of growing pigs. It was expected that when 

pigs are fed diets that increase ENL, rates of protein synthesis in the gut tissues wiil 

be elevated to replace the lost proteins (Low, 1980). However, the £indings of the 

protein synthesis study (Chapter VI) do not support this supposition. Instead, the 

curent hdings show that the availability of nutrients and the site of nutrient 

absorption are important factors idiuencing the process of protein synthesis in 

visceral organs. In particdar, feeding the casein-cornstarch (CC) diet, led to higher 

protein synthesis rates in the liver compared to feeding the BCM diet. Amino acid 

supply to the liver in the CC fed pigs was much higher than feeding the BCM diet 

as shown in Chapter W. The higher protein synthesis rate observed in this organ was 

likely an adaptive response to the increased supply of nutrients (Pond et al., 1988). 

Protein synthesis was higher in the colon of BCM fed pigs compared to the CC fed 

pigs which corresponds with the observed heavier colons in Chapter W. This further 

supports the reasoning that nutrient absorption is a major stimulant for protein 
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synthesis. It has been shown that non-starch polysaccharides are digested mady in 

the colon with the help of microbial fermentation (Pond et ai., 1988; Jorgensen et al., 

1996; Rérat, 1996). 

The results of the protein synthesis experiment (Chapter VI) suggest that 

enhanced ileal ENL observed when feeding practical diets may not be related to 

protein synthesis in the srnall intestine. Increased ENL is likely related to the 

efficiency of reabsorption of endogenous protein secreted into the gut. Feeding 

practical feeds to pigs not only causes higb ENL but also leads to an increase in the 

bulkiness and possibly the viscosity of digesta as compared to p d e d  dieu (Marty 

et al., 1994; Ikegemi et al., 1990, Jorgensen et al., 1996). This in turn hinders effective 

interaction between digestive enzymes and ENL with a net effect of reduced 

efficiency of recycling endogenous N (Ikegemi et al., 1990). This finding points out 

the need for practical solutions to manipulate the physical-chernical characteristics of 

digesta so as to enhance reabsorption of ENL. Of the strategies discussed in Chapter 

II, section 2.5.3, supplementation with exogenous enzymes and feed processing may 

be possible solutions to this but hirther developmental work will be required before 

these becomes useful tools in swine nutrition. 

In Chapter VIT, the effect of feeding diets that induce either low or high ENL 

on energy expenditure by the visceral organs in pigs was studied. In addition, a BCM 

diet with added alfalfa rneal (BCM-ALF) was included in this experiment as a high 

fibre diet that was expected to elicit an effect on the metabolic actMty in the visceral 

orgaiis (Jorgensen et al., 1996). The results of this experiment showed that diet 
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composition has a sigdicant effect on the weights of visceral organs and the colon 

in particular relative to empty body weight (EBW). Measurements of in vitro oxygen 

sonsumption by these organs showed that diet composition has no effect on the 

weight-specifïc respiration rates. This observation c o n h m  the results of previous 

studies in other species (Bwrin et al., 1990; Keliy et ai., 1993; Fuiegan, 1996). When 

expressed relative to EBW, total oxygen consumption was influenced by diet; being 

higher in the BCM and BCM-ALF diets compared to the low fibre CC diet. The 

basic objective in commercial pork production is to efficiently produce lean meat. 

Feeding diets that promote organ mass is undesirable for various reasons. First, offais 

are of low economic value and often represent a nuisance to handie at slaughter 

houses. Second, and more importantly, visceral organs are metabolically active tissues 

that consume a disproportionately high amount of energy relative to their sizes 

(Koong et al., 1982, 1983; Yen et al., 1989). This implies that feeding diets that 

favour heavier visceral organs will divert a substantial amount of energy away fkom 

producing Iean meat to supporthg these organs; a phenornenon that will have senous 

consequences on the efficiency of utiüpng energy for the production of lean meat. 

Since such diets are also likely to enhance ENL (as shown in Chapter IV), the actual 

consequences of feeding this type of diets to swine are much higher than indicated 

by the metabolic results. As discussed in Chapter II and by Grala (1998), ENL is 

likely associated with increased dietary N requirements. These effects on whole body 

energy expenditure and ENL should be considered in addition to diet effects on the 

supply of tnùy digestible nutrients. It should be noted that gut development due to 
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feeding the BCM or BCM-ALI? diets is an important adaptive response that dows 

pigs to utilize such diets. Whether or not one should feed such diets wiil be 

determined by their cost effecîbeness. The present studies have demonstrated the 

S u e n c e  of such diets on nutrient metabolism in the gut. Therefore, we shouid now 

look for means of reducing such effects. 

In conclusion, it is suggested that future studies should focus on identifying 

means of reducing endogenous gut protein losses and the impact of diet on organ size 

and the associated energy expendihue as a way of improving the efficiency of dietaq 

protein and energy utikation for pork production. In addition, studies should be 

conducted to evaluate the relationships between endogenous gut protein losses, organ 

size and energy expenditure in visceral organs when specific dietaq components (e.g. 

feed enzymes, antinutritional factors) are manipulateci. 
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