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ABSTRACT 

Threonhe (THR.) is the second Limiting amino acid in many grain based pig diets and iS 

invoIved in the structure and fünction of intestid mucins. THR requirement was 

determnied in piglets ( ~ 2 6 ,  10 f 0.5 d old, 2.5 + 0.5 kg) receiving an eIemental diet 

mtragastridy (IG). The THR requirement was 0.42 g/kg/d, vs. other oral estimates (0-6 

g/kg/d) and to an identical mtravenous 0 feeding shidy (0.19 g/kg!d). The differeece 

was hypothesized to be due to THR use in gut mucin production. Piglets ( ~ 2  1,X O 5 d 

old, I .& 0-3 kg) were fed one of three THR diet treatments for 8 days: 1) adequate (0.6 

g/kg/d IG), 2) deficient (0.1 gkgld IG), or 3) supplemented (0.1 glkgld IG + 0.5 g/kg/d 

rV). THR-deficient pigiets had lower mucosal weight and deposited less protein. 

Histochemical and mucin anaipis showed greater gut mucm content in THR-adequaîe 

pigiets. Although THR supplied IV was partially availabIe for use, orally-supplied THR 

was preferred. 
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1. INTRODUCTION 

Premature birth is a leading cause of human infat morbidity and mortality- Low birth 

weight CBW) infânts ofien have an inabîility to tolerate oral feedings due to a variety of 

factors, including short bowel syndrome, gastro intestinal surgery, chronic severe diarrfrea, 

immature bowel fiinction (Hay, 1 %6), and respiratory diseases (Adamkin, 1 986). In 

these instances, the provision of nutrition by parenteral mems is criticaL However, the 

levels of amino acids administered must be high enough to meet the demands for protem 

synthesis and not in excess to the point of creating stress on immature enzymatic 

metabolic systems, resulting in possible toxicity. Due to e t h i d  and practical constraints, 

the neonatal piglet is often used as a m d e l  to study nutritional metabolism m the human 

neonate because of the many similarities ia ariatomy, physiology, metabolism and nutrition 

between the two species (Moughan and Rowan, 1989). 

Threonine (THR) is an indispensable amino acid that is found in high concentrations in 

a number of gastrointestinal (gut) secretions that act to pro tect the mucosa fiom digestive 

proteases, prevent the dehydration of the underlying mucus membranes and protect the 

gut wall fkom microorganisms and parasitic invasion (Toniara et al. 1993). Thus, 

threonine is believed to play an important roIe in the proper development of the neonatal 

gut. The threonine requirement for piglets of approlrimately 8 days in age has been 

determineci by Chen (1997, thesis) to be 0.20 g/kg/d when fed intravenously, while the 

oral requirement has k e n  e s t k t e d  at 0.61 g/kg/d (NRC 1998), a 3-fold difference. In 

similar stuàies involving lysine requkement of piglets receiving total parenteral nutrition 

(TPN), the requirement was observed to be sùnilar (0.79 gikg/d, House et aL 1998) to 



published estimates (0.86 g/kg/d, NRC 1998). This suggests that the gut either 

metabolizes a significant amount of threonine for its own use or is responsble for 

threonine losses in the body. Stoii et aL (1 998) have suggested that in pigIets 60% of 

dietary threonine is utilized by the gut, cornpared to lysine (35%), leucine (32%), and 

phenylalanine (35%)). Furthemore, they showed that nearly 90% of this metabolized 

threonine was either secreted as mucosal protein or catabolized. It follows then that since 

gut atrophy is known to occur as a consequence of parenteral feeding, the dietary 

requirernent of threooine would be a h  be duninished. The ciifference observed in the 

apparent needs of dietary threonine between oral and intravenous feeding need to be 

confhmed empirically, however, since published oral estimates of threonine requirement 

are based upon reference proteins. If a true merence existq then the cause of the 

clifference needs to be M e r  examined. 

The literature review wïli discuss threonine metaboliSm and requirements, and will 

review the role of threonine in the gut in order to detennine which direction M e r  

research shouid take in investigating the Merence between oral and intravenous 

requirement of threonine. 



2. LITERATURE REVIEW 

2.1 THREONINE METABOLISM 

L-threonhe is unique due to the existence of two specific degradat~e pathways. 

These two major pathways catalyzing the degradation of L-threonuie in the iiver of 

manmiais are 1) threonine dehydratase (EC 4.2.1 .16; TDH), and 2) L-threonïne 3- 

dehydrogenase (EC 1.2.1.203; T'DG). (Fig. 2.1.1) 

Catabolism by TDH in rat hepatic mitochondria yield as noal produçts NHi* and 2- 

ketobutyrate (KB) (Freedland et al. 1964), which may then be rapidly converted to either 

proprionic acid and CO2 by pyruvate dehydrogenas~ (branched-chain a-ketoacid 

dehydrogenase) or 2-aminobutyric acid via aminotraasferase (Steele et al 1984). 

Proprionyl CoA can be conveaed to succmyl C o 4  leading to gluconeogenesis via the 

chic acid cycle. Thus, TDH serves to mobilize threonine carbons for hepatic 

gluconeogenesis during starvation or in response to a high protein diet (Mak et aL 198 1). 

TDH is inducible with changes in feeding and is believed to be involved in the 

homeostatic regulation of fkee threonine concentrations (Ishikawa et al. 1975). While 

TDH is involved in the gluconeogenic pathway in rats it represents only 1-3% of TDG 

activity in pigs (Le Floc'h et al. 1995). 

Catabolism by rat hepatic TDG in the fed state yields 2-amino-3-ketobutyate (ABA), 

wfüch is then mainly cleaved by 2-amino-3-ketobutyrate CoA ligase to acetyl-CoA and 

glycine (Bird et al. 1984; Dale 1978). About 10% of ABA may spontaneously 

decarboxylate to form aminoacetone via 2-amino-3 -ketobutyrate CoA figase (Bird and 

Nunn 1983). At low levels of L-threonïne, the rate of glycine production is several times 
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Figa re 2.1.1: Pathway of threonine metabolism in mammals. 



greater than the rate of aminoacetone formation Glycine may either be oxidized by the 

mitochondrial glycine cleavage system, or incorporated into other ceiluIar constituents 

(Neuberger, 198 1 ). Acetyl CoA may eiîher by oxidized via the tricarboxyiaie cycle, or 

aansported fkom rnitochondria by way of citrate for Lipid synthesis. TDG activity seems 

to be dominant during the n o d y - f e d  state when the requirement for hepatic 

gluconeogenesis is low. In this state, TDG is likely responsible for maintahhg 

homeostasis of f i e  somatic threonine concentrations derived fiom the diet by directing 

excess threonine carbons to oxidative or biosynthetic processes (Bird and Nunn 1983)- 

Metabolism by a thVd e-? thxeonine aldolase produces acetaldehyde and glycine, 

although the activity of threonine aldolase has been found to be low in rat ber ,  regardes 

of the metabolic state of the a n h d  (Bird et al. 1984, Bird and Nunn 1983). 

2.2 THREONINE REQUIREMENT IN DIFFERENT SPECIES 

The specinc oral requirements of threonine in neonatal piglets have seldom been 

emipincally determined. Estimates have u s d y  k e n  calculated based upon data nom 

older piglets and are compared to the threonine content of various standards (Table 

2.2.1). The threonine requixement in piglets weighing 1-5 kg has been estimateil in this 

mamer to be 3.4 g/100 g proteh, or about 0.6 g k g  body wt/d (NRC 1998). This 

calculation is extrapolated from various studies that have detemiined the threoniae 

requirement in piglets to be 9.2 g/kg diet, or 3.68 g/100 g of crude pmtein (Sewell 1953); 

6.07 g/kg diet, or 2.53 g/100 g of crude protein (Kim et al. 1983); and 6.6 g/kg diet, or 

2.97 g/100 g of crude protein (Leibholz 1988). The threonine content in piglet tissue at 7 



days of age was found to be comparable at 3 -9 g/100g protein while the content in swine 

milk, human miIk, and egg protein was 3.7,4.4, and 5.3 g/100g protein, respective& 

(Aumaitre and Duee 1974, C I ~  Giegy 1970, Davis et aL 1994). 

Table 2.2.1 : Threonine reauirements in pigs & humaos com~ared to concentrations in 
reference vroteins 

Piglet Human Piglet Human Swine Human Egg 
~ e a . '  ~eq. '   issue) Fetal  issue^ Milk5 MikS protem6 

THR 3.4 4.0 3 -9 4.1 3 -7 4.4 5 -3 
(dl 00g  rotei in) 

Calculated fiom NRC 1 998, for swine weighg 1 to 5 kg. 
Wcuiated ffom FAOlWO 1990, for inFants 3 tu 4 months of age. 
From Aumaitre and Duee 1973, in tissue o f  piglet at 7 days of age. 

4 Calculated fiom Widdowson 1979, in tissue of fetuses 2.9 to 3.4 kg. 
From Davis et al, 1994 
From C1b Giegy 1970 

In human idmts 3-4 month of age, the threonine requirement was estmiated to be 4.0 

g/100 g protein and similar to its concentration in human fetal tissue (FAO/WHO 1990, 

wddowson 1979). The simifarity between these estirnates and that for pigIets Iends 

support for the use of piglets as an experimental mode1 in investigatïng threonuie 

requirements in human infants. 

In piglets fed a completely elementai diet by total parenteral nutrition (TPN), the 

threonine requirement was detamhed to be 0.2 g/kg/d, or about 13.5 mg/g amino acids 

(Chen 1997). This suggests that a 3-fold hcrease in the need for threonine exkts when 

piglets are fed orally vs intragastricdy. This cornparison mut be viewed carefulh/ 

however as the oral estimates are based upon semipurîfïed protein diets W e  the 



intravenous data cornes fkom piglets fed an eiemental ciiet consisting of amino acids 

. . without protein, Furthemore, there is a difference in the route of admuiistration of the 

respective diets and any dBerence in threonine requirement may be due to either first- 

pass metabolism or by sorne other physiologicd phenornena. For example, gut atrophy is 

known to occur in piglets fed by TPN (Goldstem et al. 1985) and since threonine is an 

important constituent of intestinal mucus, the higher threonine requirement in ordy-fed 

pigiets may be due to a higher demand for threonine by the gut. 

In orally-fed m e n s  of approinmately 13 weeks of age (1 -4 kg), the threonuie 

requirement was found to be 5.0 g/kg of diet comprishg of t 50 and 200 g crude 

proteidkg diet. When crude protein was 300 or 500 g/kg diet, the requirement of 

threonine increased to 6.0 g/kg diet. This amounted to about 2.5 and 1 -2 g/100 g protein, 

respectively (Hammer et al. 1996). In 1-day old broiler chicks (157 g) fed a maïze- 

soyabean-med diet consisting of 230 g proteidkg diet, the maintenance requirement for 

threonine was found to be 45.7 mgkg body M d ,  which represented 5.5 % of the totd 

threonùie requirement of about 0.83 g/kg body wtjd (4- 1 g/100 g protein) for young 

chicks (Edwards DI et al. 1997, NRC 1994). 

The dietary threonine requirement for several species and the ratio of threonine to 

protein is consistently in the range of about 3.5 to 4.5 g/100 g protein, "npiynig that the 

optimal intake of threonine lies wÏthin this range The notable exception is the kitten, 

where this ratio was found to be about 2.5 g/100 g protein This suggests that the 

requirement for threonine may be lower in d v o r e s  than in omnivores, owing perhaps 

to a Merence in digestive function and gut metabol- 



2.3 THE ROLE OF MUCUS IN TIEE GASTROI[NTES??NAL TRACT 

Threonine is an important constituent of  the mucus Iayer Lining the gastrointestinal 

tract, specifkally in mucin proteins (Lamont 1 992, Specian and Oliver 1 99 1)- Therefore, 

the need for threonine in mucin synthesis may help explain the large proportion of dietary 

threonine requirement used by the gut (Chen 1997, Stoll 19%). If a Merence in 

threonine requirement between htravenously and intragastrically fed piglets is confïrmed, 

this would bply that a great deal o f  threonine is absorbeci and utitized by the gut- Within 

the gut, THR Ïs found in high concentration in a number of gastrointestinal (gut) 

secretions that act to protect the mucosa from digestnle proteases, prevent the 

dehydration o f  the underlying mucus membranes and protect the gut wall fiom 

microorganisms and parasitic invasion (Ton'bara et al. 1993). In particulat, THR (&ng 

with serine and probe) is highly concentrated m the mucin proteins of intestinal mucus 

secretions (Table 2.3.0.1). 



Table 2.3.0-1 Arnino Acid Comwsition of Cnide Mucin fiom Intravenously-rnfiised Pins 

Amino % Cnide SEM 
Acid Muck ( ~ 3 )  
Arg 2.4 0.03 
His 1.3 0.07 
Ile 2-7 0.07 
Leu 5 -2 0.3 
LYS 2.3 O. 14 
Met 0.6 0.07 
Phe 2.5 O. 16 
Thr 16.4 0.33 
Val 6.0 0.06 
AIa 9-9 0.63 
AsP 7.0 0.34 
Glu 8.2 0.29 
G b  8.7 0.65 
Pro 12.4 0.69 
Ser 12.4 0.74 
Tyr 2.1 o. 13 

Adapted fiom Lien et al- 1997 

Because gut atrophy is a commody associated drawback o f  parenteral nutrition, oral 

intake of threonfne may play an important role in the luminal support of proper neonatal 

gut development.The following sections will review various aspects of the structure and 

fimction of gastrointestinal mucins. 

2.3- 1 FUNCTIONS OF MUCUS 

The mucus geis of the gastrointestinal tract are comprised of water (95% /w) and 

organic materials such as lipids, proteins, ions, and enzymes that are likely acquird fiom 

epithelial secretions and fiom exfioliated and disnipted ceils (Neutra and Forstner 1987). 



The gels cover the entire lufninal surface of the gastrointestinai tract and its p r b a y  

fimction is to protect the underlying epithelium (Neutra and Forstner 1987; Lamont 

1992). In conjunction with bicarbonate, mucus protects the epithelium fkom digestive 

processes and corrosive gastric juices by creating an unstirred layer and by actmg as a 

diffbsion barrier, preventmg large molecular weight compounds such as proteolytic 

enzymes fiom reaching the epithelium. Mucus also traps toxins and bacteria to prevent 

infection In the intestinal lumen, adherent and soluble mucus act as a lubricaot in 

providing protection fiom mechanical damage caused by the passage of food. Mucus also 

serves an important hc t i on  in the digestive process by creating a digestive zone in which 

digestive enzymes are imm~bilized near the epithelial surfàce. This prevents their removai 

by peristalsis and places them in a fàvourable position for the digestion and absorption of 

substrates (Toribara et al. 1 993). 

2.3.2 STRUCTURE OF M C I N S  

One of the major components of MUCUS gels are iarge molecuk weight glycoprotem 

monomers (2 x 106 daltons) hown as mucins (Men 198 1). The monomers are 

comprised of four subunits (5 x 10' daltons) that are linked by disulphide bonds and 

arranged into the three-dimensional poweric structure necessary for gel formation since 

glycoprotein subunits reduced by mercaptoethanol or proteolysis lack the ability to form 

gels (men et ai. 1984) (Fig. 23.2.1). Two different models have been proposed for the 

poiymeric structure of mucin which tends to exist in a flexible spheroidal shape in 

solution AUen (1981) proposed a four bladed windmül structure in which the protein 



backbones of all four mucin subunits are lùlked in a common area known as the non- 

giycosyiated 'naked' region. CarIstedt and Sheehan (1984) proposed that mucin was 

shaped as a long peptide containing several glycosylated and non-glycosyiated regions, 

resembling a coiled thread. Mucin polymers overlap and are noncovalentlyjoined to 

provide the stmctural basis of  the gel. These noncovalent interactions are resistant to 

osmotic pressure and solubilization but not against gel spreading or mechanical disruption 

(Bell et al. 1985). The structure-function relationships of  intesthai mucins are 

summarized in the Table 2.3.2.1: 

Table 23.2.1 Structure-Function Relationshbs of Intestinal Mucius 

Structural Feature Pro~ertv of Function 
Very high molecular weight enhances po lymerization 
Extended rod-like structure hi& viscosiîy 
Glycosylated repeating sequences protease resistance 
Branched oligo saccharides binding of toxh, bacteria 
Hvdro~hobic domains 1kid binding 
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Figure 2.3.2.1 : "Bottie-bmh" structure of intestinal mucin protein 
(adapted from Lamont 1992). 



There are two major protein regions in mucin. The glycosyhted (native) region 

accounts for over 95% of the glycoprotein and about 65% of the total protein m mucin, 

Colonic mucins are less glycosylated than small intestinal mucins, comprising 62% of 

mucin by weight in rat colon and 67-80% in human colon (Specian and Oliver 1991). The 

protem in this region is rich m proline, serine, and threonine. Serine and threonine 

residues dong the protein core provide the attachent sites for the oligosaccharide 

sidechains while the high prohe content may act to maintain the shape of the protein 

core, allowhg the carbohydrate chains to be packed closeiy together, resulting in 

resistance to proteolytic attack (Forstner and Forstner 1986). Prohe  is also believed to 

prohiit a-helix formation and preventmg compact folding of the polypeptide, thus 

maintaining an eqanded codonnation that fàcilitates a high degree of glycosylation 

(Men 1978). Serine and threonine comprise 25% of total amino acid residues in rat 

colonic mucins, 57% of rat small intestid mucins and 41% of human d intestinal 

m u c k  while proline may account for up to 15% of the total amho acid residues (Specian 

and Oliver 199 1). This region is characterized by repeating units of 15-30 amino acids 

wIiich form the basic structural unit of the glycoqdated region and allow the goblet cell to 

assemble a very long glycoprotein by assembling 20 or more of these repeats in an end-to- 

tail &hion (Lamont 1992). 

The non-gycoIsylated (naked) region represents about 35% of the total protein and 

about 4-5% of the total glycoproteili. This region has an amino acid composition ssnilar 

to that of the average globular protein, rich in glutamate and aspartate and unique in that 



it is nch in cysteine, This is consistent with its role in the formatien of the poIymeric 

structure of mucus via the joining of mucin subunits by d'ïphide bridges (Men 1978, 

Ailen 198 1, Lamont 1992). Because thk region lacks the protectimn of closely packed 

oligosaccharide sidechains, it is pronase sensitive. The globular peptide also has 

considerable hydrophobie regions which may be involved in lipid bindmg and also in 

protein-protein interactions (Lamont 1 992). 

The mucin protein itself consists of a peptide backbone surromdecl by oligosaccharide 

chains, fonning a 'bottle-bnish' structure (Men 198 1) (Fig. 2.3.2- 1). Regional 

differences in the challenges faced by gastrointestinal rnucins are reflected m the 

heterogeneity of their compositions. There is a h  a large degree mf microheterogeneity in 

mucin composition of the same region of the gastrointestid tract. Still, there exïsts 

several common features. Mucins are characterized by a high carbohydrate content 

(>80% by dry weight) and a relatively low protein content (15-20%), with sulphate at 2- 

7%. The carbohydrate contents consist of five different mono saccharides: galactose, 

fùco se, N-acetylgalacto samine, N-acetylgIucosamine, and sialic acld (AUen 1 978, Specian 

and Oliver 1 99 1). Uronic acids (common in connective tissue pro teoglycans), mannose 

(cornmon in senun and epithelial glycoproteins), and glucose are not found in mucin 

glycoproteins. 

Mucin carbohydrates are arranged in linear or branched oligosaccharide chahs vaqhg 

in length nom 2-22 sugars and are always O-glycosidicaUy linked via N- 

acetylgalactosarnine to the hydroxyl group of either serine or threo-nine in the protein 

core. (Fig. 23.2.2) Chain elongaiion occurs by altemahg the addition of N- 



acetylglucosamhe and galactose. Chain elongation begins with N-acetylglucosamine in 

the small intestine while beghmhg with N-acetylglucosamine in gastrîc muck Branches 

develop via giycosidic bonding of N-acetylglucosamine to either galactose or core N- 

acetyigalactosamine. 
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(adapted fiom Spicer and Schulte 1992). 



2.3.3 SYNTHESIS OF MUCTN 

Mucin is synthesized in intestinal epithelial goblet ce& by the rougb endoplasmic 

reticulum (RER) and passed to the Golgi apparatus, where it is combùied with 

carbo hydrates and packaged into membrane bound, secretory vacuoles calIed mucigen 

granules. The mucigen granules aggregate in the distended apical cytoplasm, are released 

by exocytosis, and combine with water to form mucus (Wheater et al. 1987). GobIet 

cells, which are more prevalent in the lower than in the upper s m d  intestine, are derived 

fiom the undifferentiated ceils linhg the intestinal crypts. The undifferentiated c e b  are 

the most abundant celi type in the crypts and are extremely proWerattive. Because of their 

high mitotic rate, they are very sensitive to radiation, ischemia, and antllnitotic agents 

such as methotremte and colchicine. As they divide, the c e k  migrate up the crypt 

e p i t h e h  and differentiate into the mature specialized cells that populate the villi C e k  

differentiating mto goblet c e k  continue to migrate up the villus until they arrive at the tip, 

fkom which they are eventually extruded into the lumen. N o d y ,  the d l u s  ceIl 

population is maintained constant, owhg to a balance between ceil edoüation at the villus 

tips and proHeration and maturation of the ceUs in the crypts. The process of maturation, 

migration, and extrusion requires approximately 3-6 days (Granger et al. 1985). 

2.3.4 DEGRADATION OF MUCIN 

In the small intestine, it has been shown that neither bile nor luminal acid have an 

effect on mucus degradation (Men et al. 1 984, Bell et al. 2 985). Exhaustive proteoiysk 

has been shown to be associated with the l o s  of about 20-30% of amho acids except for 



threonine, serine and probe, and M e  (cl  %) or no loss of carbohydrate, resulting m the 

ileal recovery of mucin of more than 95% (Màntle and Men 198 1, Made et al. 198 1, 

Scawen and Allen 1977). Hoskins (1 98 1) and Variyam and Hoskins (1 983) postulate that 

at least 50% of the carbohydrates must be removed before the omet of native protein 

degradation Oligosaccharide sidechains are believed to protect susceptible bonds of the 

protein of native mucin, making it resistant to proteolysis until their removai. In addition, 

mucus gek contain a large amount of con taminant materials hcluding lipids and proteins 

which have been demonstrated to strengthen the gels, thus making them more resistant to 

proteolysis (Lee et aL 1987, Seiiers et al. 1983). Tberefore, it is assumed that mucin 

subunits are Iargely undigested prior to the large intestine where they may be degraded 

(Forstner and Forstner 1986, Hoskins 1984, Varjam and Hoskins 1983). 

Clamp and Gough (1991) found that human ileostomy emuent dry rnatter consisted of 

about 15% glycoproteins but that feces contabed ody trace amounts, suggesting that the 

degradation of mucm occurs mainly m the large intestine. In autopsied humans, d y s k  

of lumnial contents revealed regional Werences in mucin corrstituents that were 

consistent with that seen m microbial degradation (VercelIotti et al. 1977). A variety of 

glycosidases produced by enteric bacteria are required for the complete degradation of 

mucin oligo saccharide chains. These enzymes are prïmarily extracellular exoglycosidases 

that cleave terminal monosaccharides one at a t h e  fiom the non-reducing end of the 

oligosaccharide chains. A high degree of substrate specificity is dehed by the 

monosaccharide to be cleaved, its anomeric conl&uration and the location of its 

glycosidic linkage to the next sugar (Ho skins 1 984). A combination of bacterial species, 



each requirïng a separate set of enzymes, rnay be needed for the complete degradation of 

mucin glycoproteins. However, only a srnaIl portion (about I %) of the 300-500 

taxonomidy d i c t  types of bacteria found in feces are capable of degrading mucin 

glycoproteins (Bayliss and Houston 1984, MiUer and Hoskins 1981, Stadey et al. 1986)- 

Although mucks are degraded m the large intestine, whether or not the threonine 

released as a result of rnucin degradation is absorbed by the large intestine and then used 

by the body is not known, If this threonnie is absorbed this means that threonine used in 

mucin synthesis is not lost and that absorption is only delayed relative to intake. 

Therefore, short term experiments may overestimate the true dietary requirement (Chen 

1997, Stoll 1998). However, ifthreonüie is not absorbed by the large intestine, then the 

threonine used in mucin synthesis wouid be unavailable to the rest ofthe body. 

Research by Schmitz et al. (1 99 l), k d  on the injection of homoargirune into the 

cecun, suggests that the absorption of amino acids in the large intestine may attn'bute less 

than 3% of the total amino acid requirement of the pig. Zebrowska et al. (1 977) have 

shown that protein or amino acids infirsed discontmuously into the cecum have WIe or no 

-protein value as the nitrogen was almost entirely excreted in the urine. Kidder and 

Mamers (1978) have also obsemed that the amount of nitrogen absorbed m the hind gut 

for protein synthesis in the pig to be very low or negligible. The cornmon explanation for 

this is that protein and amino acids entering the hmd gut are converted to ammonia or 

arnines which are absorbed but cannot be used for protein syntheis (Just et aL 198 1, 

Mason et al. 1976, Sauer 1976, Zebrowska 1973). 

In the newbom pig, unidirectional fhuces of different amino acids (including threonine) 



have been determined across both the small intestine and colon (Smith and James 1980). 

As weil, the systems responsi'ble for amino acid transport are present in the same 

proportion in both tissues. However, the colonic transport of amino acids occurs for ody 

the fïrst day or two of We (Wooding 1978). This seemhgly transient overspill fîmction of 

the small intestine is thought to be due to the absence of intestinal differenfiation at the 

ileocecal junction immediately after buth. After one clay however, the piglet colon show 

no structures equivalent to the vilii of the d intestine. Thus, threonine absorption in 

the large intestine of pigs greater than two days of age for use by the body pro babty does 

not occur. Therefore, the threonine that is used for mucin synthesis is not absorbed and 

needs to be replaced by the diet. Furthermore, short-term estimates of threonine 

requirement is accurate. 

2.3.5 ACIDIC AND NEuT'IWL MUCINS 

In the structure of mucin, the protein core is attached to three main types of 

oliosaccharide side chains. Two of these are acidic (N-acetyl neuraminicfsialic acid, N- 

acetyl-galactosamine-6-sulphate) and the third is of neutral pH (hexose aldehydes) 

(Lamont 1992, Spicer and Schulte 1992). The acidic mucins are rich in proline, threonine 

and glycine while the neutral mucins are rich in serine, aspartate, ahnine. (Wesley et aI- 

1985). The synthesis and suiphatîon of mucins occurs in the cytopksm which is 

compressed towards the basdateral margins of the goblet ceU by the central accumulation 

of large secretion droplets (Lane et ai. 1 964). Central grandes may be synthesized early 

m the Life of a celi and may rernain unmoved or unsecreted during most of its lifespan in 



colonic crypts (Specian and Neutra 1982). Acidic mucins contah the carbohydrates 

hyaluronic acid and chondroitin sulphate. Hyaluronic acid is very hydrophilic and absorbs 

water to fom the mucus geL This gel in tum protects the mucus membrane by bmdnig 

pathogenic bacteria, parasites (and their toxins) and arresting their movement (Leppi and 

Stoward 1965, Magnusseon and Stjenistrom 1982). Streptococci and pneumococci 

contain the enzyme hyaluronidase which determines their pathogenicity. Hyaluronic acid 

in mucin acts as a substrate and thus may buffer the d o n  of hyaluronidase (Avtsha 

197 1, Linker et al. 1956). Alterations in the sialylation and sulphation of mucins and in 

the O-acetyiation of mucin sialic acids result in important efEects on the resistance of 

mucus to bacterial enzymatic challenges (Rhodes 1989). O-acetylation normally confers 

resistance to bacterial sialidases and colitis mucins are therefore more susceptible to 

degradation by sialidases (Reid et al. 1985). 

Terrninai sialic acid residues fiom secreted mucosal goblet cell mucins serve specifïc 

protective fiinctions by acting as a substrate for nemuninidase (siaLidase). This enzyme 

has been isoiated eom bacteria such as Vibrio cholerae (Stetskova 196 1, Warren and 

Spicer 1961), Clostridium pe@ingens (Gottshalk lgS8), and vinises such as the influenza 

virus C and paramkyl viruses (Gottshalk 1958, Herder et al. 1992). In addition, sialic 

acid residues are also important in the ligand recognition of the gastroenteritis 

coronaWus which depends upon a2,3-linked sialic acid on the erythrocyte surfàce. It is 

believed that interactions between sialic acid and hemagglutinin induced by the virus are 

believed to be integral in the biuding of the vins to the intestinal mucosa (Schultz et aL 

1996). Furthemore, the malaria parasxte Plasmodium falc@an*um adheres to cells via 



sialic acid of erythrocytes. Chinese hamster ovary (CHO) cells treated with neurarninidase 

showed a 50% reduction in parasite binding (DeLuca et al- 1996)- 

Bacterial degradation of the mucus gel occurs by way of enzymes such as glycosidases 

and sulphatases. Bactena avidly bind to sulphomucins which are then acted upon by 

sulphatases (Hoskins 1978). The excess erosion of the mucus gels may evenhiany Iead to 

ulcer formation. For example, Heiicobucter pylori infections, which are associated with 

gastritis, gastric ulcers and gastrïc cancer, are dependent in the oral cavity upon suiphated 

mucias as receptors (Veernian et aL 1997). Also, gram-negative Escherichia coli shaios 

bind preferentially to O-glycans of glycophorin A (Le. sulphomucins) and are then 

dispelled by peristalsis (Liukkonen et al. 1992). 

Not much is known regarding the specinc fiuictions of the neutral mucm sub-type but 

there is some indirect evidence that its presence protects the mucin protein core and 

mucosa fiom proteolysis and at the same time protects the mucosa from bacterial and 

pancreatic proteases (Lamont 1992). In immunized rats challenged with the nematode 

Nipposirongyius brasiliensis, goblet cell hyperplasia (mcreased number) of neutral muchs 

was observed and most of the parasites rexnained in the lumen entrapped in globules of 

mucus. Primary worm infection results in a specinc N. brasiliemis-specifïc IgE response 

with goblet cell hyperplasia Reinfection resulted in the release of mediators nich as 

histamine and serotonin which triggered a massive release of goblet ceil mucus (Miller et 

ai. 1981, Wells 1963). 

Therefore, alterations m the normal pattern of sulphation and sialylation of intestinal 

mucins may have dramatic effects on the ability of the mucosai lining of the gut to prevent 



the invasion by pathogens. 

2.3.6 SPECIES DIFFERENCES IN LOCALIZATION OF MTJCINS 

Neutral, sialyiated, and sulphated mutins have been found to exist m the srnail nitesthe 

and colon of several species, incluninp pigs (Belanger 1963, Rakho and SaIoniemi I972), 

rabbits (More and Bayle l972), dogs and cats (Sheahan and Jervis 1976), rats 

(Katsuyama and Spicer 1978) and humam (Ganter and Marche 1970). However, the 

distrr'bution of these mucins may Vary fiom one species to another and eom one part of 

the gastrointestnial tract to another. For example, stomach mucosal m w h s  and mu& in 

Paneth cell granules are mainly neutral while smaIl intestinal and upper colonic crypt 

mucins are maùily sialylated. Colonic mucins of sheep contain both sialic acid and 

suiphate residues (Carson 1990). 

In conventionally reared rats, neutral mucins predominate in the srnd intestine whiIe 

acidic mucins p r e d o k t e  m the large intestine. Furthemore, goblet c e k  in the upper 

part of the large mtestmal crypts contain more sulphated m u c h  tban those in the lower 

crypts (Sharma et al 1995). This duality is also seen in the lung of the rat where new 

goblet ce& developing in the peripheral airways appear to go through a phase of 

developing sialomucins and later sulphomucins (Lamb and Reid 1968). In addition to 

these merences in Alcian Blue (AB) staining, changes in PAS (periodic acid/ScWbase) 

reactive neutral mucins have been observed during the upward migration of goblet c e k  

dong the crypts in the intestinal tract of the chick, mouse, and rabbit (Shamia et al 

1 997). In contrast to the rat, cecal goblet cells of the chick are devoid of N- 



acetylgalactosamine and a-L-fucose residues, indicating a lack of  suiphated m u c k  

dtogether ( S h a .  et al. 1 997). 

The pattern of distriiution of neutral and acidric mucins m the pig intestine holds 

several similarities to that of other species. In the pig intestine, iniracellular segregation 

of apical acid and basal neutral mucins is the same as that reported in rat &ay nirface 

epithelium by Jones in 1976. In weaned and unweaned pigs, sulphated mucins 

predominate at ail sites of the intestinal tract, particuiarly in the large intestine, whüe O- 

acetylated salomucins predominate in larger pigs (60 kg) and humans (Lapertosa et aL 

1984, More et al 1987). Mgration of gobiet ce& up the crypts and villi in the d 

intestine is associated with an increased production of sulphated mucins. In both the 

smaii and large intestine, non-sulphated siaiomucins are found rnajnly at the base of the 

crypts, which is sirnilar to the distrï'bution m the cecum and ascending colon of humans 

(Lapertosa et al. 1984). 

Brown et a1 (1 988) descriid the location of m u c k  in the pig intestine. Sialylated 

mucins were found at the apex of the celi and sulphated mucins bas@, opposite to that 

found in the rat. Neutral mucins in the pig were found in goblet cells in the crypts and 

villi, either solely or together with acidic m u c b  and increased in abundance fiom the base 

toward the villus tip. In the srnail intestine, staining by PAS/AB revealed a majority of 

goblet cells stained purple. The degree of sialomucins @lue, acidic) decreased towards 

the tips of the villi and cells stained by PAS alone (red, neutral) occurred less fiequently at 

all levels of the crypt and villus. Cek containing discrete areas of red and blue were 

found rnainly in the region of the base of the d i  and the top of the crypts. In the cecum, 



sialomucin stainmg was found to be greatest in the crypts and decreased towards the 

surface while sulphated mucins increased towards the surface of the villi. In the colon and 

rectum, the lower crypt goblet ceiis were rnaÏnly blue-staining sialomucins, with only a 

few red and purple stained cells. Red-staining neutral mucins increased in number 

progressively toward the upper crypt. In the one-day old pigIet, no goblet cells were 

stained when treated for sialornucm staining (Brown et al. 1 988). 

In the lower small intestine of weaned pigs, goblet cek  were found to be more 

numerous than M unweaned pigs (Brown et al. 1988). No changes were noted in the 

different staining characteristics of cells in the sections of upper and lower srnail intestine 

stained with PASIAB 2.5 at any t h e  after weaning on a diet of soya protein In the large 

intestine (cecum, colon, rectum) no changes were noted m the number ofl or stainmg 

characteristics of goblet cells in pigs at any time d e r  weaning. Also, there was a 

temporary increase in sulphated mucins, particulariy in the crypts after weaning. In the 

unweaned pig, the downward migration of goblet ceils h m  the mid-crypt region was not 

found to be associated with sulphated mucins (E3rown et al. 1988). Perhaps the rise in 

sulphated mucins are due to increased mucus production by the gastrointestinal tract due 

to the coflsumption of solid food, by a hormonal trigger fiom the absence of sow's rniIk, 

or due to threonine deficiency immediately pst-weaning. 

These f i n d i s  are m contrast to the mouse, where intestinal epitheliai mucus ceils nrSt 

appear in the mid-crypt region, divide and migrate both upwards towards the villus and 

downwards into the deeper regions of the crypts (Cheng and Bjerknes 1980). Migration 

of goblet ceIls up the crypts and villi in the small intestine of mweaned pigs was found to 



be associated wiîh an increased production of sulphated mucins, perhaps reflectïng the 

maturation of the goblet ceL 

In humans, immature gobIet cek  deep within the crypts in the d intestine produce 

neutral mucin with IÏttle sialic acid. As the maturing cells migrate, the mucins becorne 

more sialylated. The sialic acid residues not only increase the acidity of the molecde but 

also are sites for M e r  modification by N- and O-acetylation (F4ipe 1979). The jeMun 

and colon of both pigs and humans synthesize O-acetyhted sialornucins, with a higher 

concentration of these mucins in the jejunum (Fischer et al. 1984, Reid et aL 1984)- N- 

acetylated neurafninidase-susceptible sialomucins in the pig were only detected at low 

levels in the colon because O-acetylation predombates (More et aL 1987), while N- 

acetylated compounds were found to be only partially labile to neUraminidase (Culhg ert 

al, 1974)- 

In the human colon, goblet cells withm the crypt contain rnainiy sulphated m u c k  

whüe the mature goblet cells on the colonic surfàce contain neutral mucins Capertosa et 

al 1984). Lectin cytochemistry has shown that in humans and the CF- I mouse, mucins at 

the crypt base of the cobn contain more N-acetylglucosamine and Iess terrn8ial fùcose 

than the more mature cells of the upper crypt. Also, these mucins have non-reducing 

termmal galactose residues that are absent fiom mucins produced m mature goblet c e b  

(Boland et al. 1985). Therefore, aitered glycosylation patterns accompany the maturation 

process but it is unknown whether these changes are occuning with the core peptides 

(Specian and O h e r  1991). 

In the hunian fetal smaü mtestine, mucin droplets around the seventh week have been 



found to contain onIy PAS-positive neutral mucins and that siaIidase-labiIe siaiomucins 

appear later in development (Lev et al, 1972). This would suggest that neutral m u c k  are 

produced by immature c e k  in the crypts, with sialomucins king synthesized as c e h  

mature and migrate towards the viUi, 

Although the dinerent subtypes of gastrointestinal mucias are all present in the 

species reviewed, there are some important dissimilarities. Specfic Iocalization of acidic 

and neutral mucins occur withm the villus, and the pattern of distriiution of these sub- 

types m e r  among different species. Therefore, any review and interpretation of 

experimental findings must take into account the species of animal used and conclusions 

may not necessdy be applicable across species. 

2.3.7 MUCINS AND DISEASE 

The mucus layer, covering most of the tissue surface, is an environment richly 

populated by bacteria and protozoa and can contnibute to inhiiiting microbial overgrowth 

(Specian and Oliver 199 1). The capacity of mucin-type glycoproteins to fom a 

protective gel and to interact with bacterial species depends largely on their content of 

oligosaccharides. Therefore, it is believed that changes in the secretory glycoconjugates 

result m the "Ipainnent of these fûnctions and are directly related to some intestinal 

diseases (Sharma and Schumacher 1995). 

Several m e c h a h  have been proposed to explain the ability of mucus to protect the 

underylyhg epithelium (Table 2.3.7.i). 



Table 2.3.7.1 Mechiuiism of Protection by Intestinal Mucins 

Mechanism Exam~le Smcies Reference 
Mucus expulsion of NippostmngyZus rat,sheep Milleretai-1981, 

parasite in immunized infection Miller and Nawa 
animais 1979, Weiis 1963 

Inhi'bition of bacterial choIera, pathogenic 
bmdn)p E. coli 

Increased mucus release cholera rat 

Laux et al. 1984, 
Sa@ and Forsîner 
1990 
Forstner et al. 1981, 
Mantle et al, 1989 

Inhi'bition of toxin binding cholera toxin P& Stromback and 
Harrold 1974 

Quenching of oxygen gastric mucin pig Grisham et al. 1987 
radicals 

The simplest mechanism suggests that mucus provides a physical barrier or bIanket 

approximately 400 pm in thickness which physically traps bacteria and vinises and 

prevents their attachment to the apical d c e .  Ano ther possibdity is that the 

poiysaccbarides of mucus-type glycoproteius contain identicai carbohydrate sequences 

found on membrane receptors for bacteria or tolrins. These soluble receptors bind to 

bacteria and vhses and prevent their attachment to the cell surfàce. A third potential 

protective mechankm involves the accelerated secretion of mucin which e n w  

pathogens and d e s  them fiom the epithelial surfàce (Lamont 1992). 

M u c k  are beiieved to bind and trap pathogens by two distinct rnethods. Fi, certain 

carbohydrate moieties on the mucm molecule can ùnniobilize pathogens within the mucus 



layer by either mimicking epithelial cell membrane glycoproteins that are recopizd and 

bound by a pathogen's adherence to lectin or by bùiding to other membrane components, 

such as type 1 pili expressed by Escherichia coii. SecondSfY mucus is a reservoir of IgA, 

the fkst line of defence against pathogens such as bacteria (and their toxins) and viruses 

(Lamont 1992, Magnusseon and Stjemstrom 1982, OLiver et aL 1989). Interactions 

between secretory imrnunoglobulin A (IgA) and mucins trap IgA-coated bacteria withm 

the mucus Iayer, preventing bacteriai binding to the brush border membrane. Subsequent 

degradation and r e n d  of the mucus layer, coupled with peristalsk, results in the 

expulsion of trapped pathogens (Krogfelt et ai. 199 1, Lake et al. 1980, Specian and 

Oliver 199 1, Wang and Andersson 1994). Mucins also h c t i o n  to protect the epithelium 

fiom digestion by acting as a substrate for degradative enzymes produced by mtestinal 

flora. Parti* purified enzyme k t i o n s  of fecal extracts contain a-galactosidase, P-N- 

galactosaminidase, sialidse, P-gluc~ronidase~ blood-group-degrading enzymes, and 

proteases (Vaxïyam and Ho skms 1 98 1). These enzymes are present in anaero bic fécal 

cuitUres and have been demonstrated in vitro to remove >90% of the total carbohydraie 

fkom mucins (Specian and Oliver, 199 1). 

2.4 DIETARY EE;FECTS ON MUCOSAL GROWTH AND MUCINS 

As with all other organs, diet can greatly a e c t  the growth of the gastrointestinal 

mucosa. Since threonine is an important constituent of the mucus gels lining the epithelial 

surface, any dietary changes in the intake of this essential amino acid would likely affect 

its incorporation mto gut mucins. This would ultjmatey afSect the gut's abiity to form 



mucus gels, resulting m aiteratioris in the way the body is protected agamst ingestecf 

pathogens. 

2.4-1 DIETARY EFFECTS ON MUCOS AL GROWTH 

In gemeral, there are three types of stimulation tbat r d  in gastrointestinal mucosai 

growth: a) the numerous processes brought into action by the ingestion and digestion of 

food; b) gastromtestinal hormones; and c) non-gastrointestinal hormones such as 

thyroxine and growth hormone. The importance of food was noted by Steiner et aL 

(1968), who demonstrateci in rats starved for 6 days that the small intestine lost 53% of its 

weight whiIe whole-body weight loss was o d y  32%. They M e r  found that the totd 

mtestniai ceU population decreased and the RNA, protein, and water content of the 

individual cek  was diminished compared to that in non-gastrointestinaI mucosal tissues. 

The effects of food are divided into direct and indirect effects. Direct effects mclude 

e~oliation, local nutrition, and direct stimulation of growth by particular dietary 

wnstituents that act as growth &tors independently of their nutrite value. In the s m d  

intestine, the mitotic rate is regulated through a negative feed'back system hvolving 

chalones that ensure that lost cells are replaceci by equal nmbers of new cells. 

Edoliation removes chdones and their negative innuence on d ~ d i n g  celis. T'us, the 

increase m l o s  of cells following a xneal is one possible explanation for the postprandial 

increase m mucosal cell renewal Local nutrition refers to the absorption of digestion 

products by mucosal cells prior to the nutrients being circuIated systemcaily. Food may 

also contain compounds that are direct stimuiants of mucosal growth or are converteci to 



trophic factors by the action of digestive enzymes or bacteria within the lumen (Siponen 

et al. 1976). 

Indirect effects of food include those caused by gastrointestind peptides, k e a s e d  

motor or secretory activity, and nerve stimulation, all of which are interrelated smce 

peptides and nerves regulate secretion and motiiity, and nerves may release peptides. The 

gastmmtestmal peptides can be separated into their paracrinal, endocrioal, and neurocrinal 

hormone effects. For example, Holst et al. (1983) demonstrated the inhi'bition of gastrin 

release by sornatostatm acting as a paracrine hormone. Several gastrointestinal peptides 

may act as neurotransmitters, including vasoactive intestinal peptide (VIP), bombesin, and 

enkephalin VIP is released by vagd stimulation and may be responsible for mediatïng 

neurally stimulated relaxation of gut smooth muscle (Fumess et al, 1981). Bombesin 

(gastrin releasing peptide in m d )  appears to be the vagal or neural mediator of 

gastrin release (Sagor et al. 1985). The enkephalias may be involved in the regulation of 

gut smooth muscle tone and contraction (Straus et al. 1974). 

2.4.2 DIETARY EFFECTS ON MUCINS 

The presence of nutrients in the intestinal lumen is a major factor uifluencing bacterial 

colonization in vertebrates. Intestinal mucins act as a substrate for the resident flora and 

by aggregation facilitate the rernoval of pathogenic bacteria (Sharma et al. 1997). The 

amount and composition of mucins are m a balanced state between the degradation of 

lummal mucuis by ùacteria and their renewal by goblet ceH secretions nom the mtesti.mil 

crypts. Bacterial enteropathogens must traverse the mucus layer in order to approach and 

adhere to epithelial cek. Some bacterial species attach to the gut epahehm by fïmbriae 



which recognize glycoconjugate receptors in mucus andior bnish border membranes 

(Sharma et al. 1 997). Because dietary fâctors that either affect the production of mucm 

or enhance its degradation would make the intestmal mucosa susceptiùle to pathogenic 

organisms, it may be possible to modulate the colonization of bacteria via the modification 

of diet and thus protect against infection. Alternatively, inadequate diets may reduce the 

mucus barrier and increase the iikeiîhood of Section. 

In rats deprived of 50% of their daily intake, mucm concentration/mg proteni as weIl 

as per mg DNA was found to be significady decreased. Because sucrase activity per mg 

protein or DNA did not decrease m malnourished rats it was believed that the reduction in 

mucin concentration was seiective and did not reflect aU surface glycoprotenis. GobIet 

ce& themselves were variably decreased in malnourished rais, supporthg the hypothesis 

that the maintenance of mucus synthesis has a lower priority during malnutrition than the 
- 

preservation of the digestive absorptive surface of the microvilli (Sherman et al. 1985). 

Malnutrition thus leads to an absolute decrease in intestinal m u c h  and may be a fàctor in 

modulating intestHial resistance to enteric infection 

In the rat, mtestid =osa was found to adapt to Mirent diets and microbial 

popdations by modi@hg mucin composition, as well as crypt-villus architecture and 

goblet c d  glycoconjugates (Sharma et al. 1995). Rats fed a commetcial diet (consisting 

of barley, &, wheat, soya bean meal and fïsh meal) were found to have a greater 

abundance of N-acetyl-glucosamine and sialic acid-Iinked D-galactose-specifïc l edm in 

d hiestinal surface goblet cells than in rats fed a purifïed diet ( c o a m g  Xlliiinly of 

casein, maize starch and potato starch). Lecths are used as histochernical probes to 



analyze the changes m the expression of carbohydrate residues m goblet cell rnucÏns in 

response to diets. Similar mcreases were seen with a N-acetylgalactosamhe-specific 

lectin in the large intestine of rats fed a commercial diet (Sharma and Schumachr 1995). 

Because galactose, N-acetyl-glucosamine and N-ace~lgalactosamhe are abundant in the 

structure of intestinal mucins, it is apparent tbat die* constituents can have dramttic 

effects on mucin synthesis. 

Modifications of diet have been shown to affect the amount of neutd and acidic 

mucins in the gut. For example, broiler chicks at 5 weeks of age fed a wheat-based diet 

supplemented with 0.1% xyhase exhibitecl a Iowa viscosity ofjejunal contents versus 

the control group (Shamta et al. 1 997). X y b  inclusion h the diet also r e d e d  m an 

irrcrease in neutral mucnis in the small and Iarge intestines and more carboxylated and 

sdphated muck in the upper crypt ceik of the small intestine and cecum. In chicks fed a 

maize-based diet, neutral mucùis were found to be greater m surfàce and upper crypt 

goblet cells of the srnail and large intestines but decreased m the cecum. While no 

differences m acidic mucins were found between wheat and maïze-based diets, neutrd 

mucins were k e a s e d  in the surfâce and upper crypt ce& of the small and Iarge intestine 

in maize-fed chicks (Sharrna et al. 1997). This suggests that neutral mucÏns be more 

susceptiile to dietary changes. 

Non-specïfic nutrients such as dietary fibre may also have an effect on mutins. Pigs 

(60 kg) fed a fibre-fke mik-based diet exhi'bited decreased staining mtensities for 

intestmal much compâred to a standard diet containing 14.7% nbre (cellulose, 

hemicellulose, lignin). The differences were eliminiited when bran was added to the rdk 



diet? indicating that dietary fibre increased the turnover of jejunal mucins (More et aL 

1987). Similar results were observed in rats by Vahouny et a1 in 1 985. Furthermore, 

j e j u d  sialic acid stainmg reactrriity was lowered in the jejunum but was enhanced in the 

colon (More et al. 1987). Glycoproteins in the jejunum also became neUraminidase 

suscxpti%le wtiile glycoproteh in the colon became characterïzed by the absence of 

n e u w  rnucins, hdicatmg that dietary fibre also modifies the nature of mucius secreted 

(More et al. 1987). 

2.5 SUMMARY 

The preceeding review of the available literature has demonstrated that mucin is 

important in the gut for the protection of the gastrointestuial epitheiium as weii as the 

underlying tissues, and to prevent invasion fiom pathogenic organisms. Moreover, mucm 

is affected by changes in the diet and specifïdy is Likely dependent upon the mtake of 

threonine since this essential amino acid is critical to the structure and hct ion of much 

p r o t e k  The data reviewed has aiso shown that threonine is taken up by the gut to a 

much greater extent than any other essential amino acid. This suggests that much of the 

dietary threonine is used wÏthin the gut itseK Impaired gut growth and fimction m 

parenterdy-fed indkiduals may help explain the diffkrence in dietary thremnine 

requirement between oral and intravenous feeding. An experknt that wodd define this 

difference under identicd conditions would strongly support the specsc need for 

threonine by the gut. 

Ifdietary threonine can be shown to be required by the gut selectively, it would be of 



interest to determine whether on not dietary threonine a c d y  does affect mucb 

production. Because different types of mucins (acidic, neutral) seem to have different 

roIes m the gut and seem to be afEected by diet differedy, any study invoIving the effect 

of threonine intake upon the amount of mucin produced by the gut shodd separate these 

f'unctionally disti.net subtypes. 



3. THESIS RATIONALE AND OBJECTIVES 

The threonine requirement for piglets of a p p r o ~ t e ~ y  8 days in age has been 

detemined by Chen (1997, thesis) to be 0.20 g/kg/d when fed intravenously, while the 

oral requkement has been estimated at 0.6 1 g/kg/d (NRC 1 W8), a 3-fold ciifference. In 

similar studies involving lysine requinment of piglets recei- TPN, the requirement was 

obsented to be similar (0.79 g/kg/d, House et al. 1998) to pubikhed estimates (0.86 

g/kg/d, NRC 1998). Thus, my fust objective is tu quant@ the threonine requirernents of 

neonatal piglets (fed a diet identical to Chen's TPN diet) intragastrically (mto the 

stomach), in order to detexmine ifa ciifference m requirernent e d s .  

Experiment 1 Objectives: Given identical diets and methods diBering only in route of 

feeding, my aim is to: 

1. Empmcdy detemiine the THR requirement for neonatd pigs, since published 

estimates are extrapolated fkom data coming fiom older pigs. 

2. Compare the THR requirement detemiined experimentally to published 

estimates of THR requirement 

ExperSnent 1 Nd Hypotheses: 

1. The THR requirement of piglets fed htravenously and piglets fed 

intragastrically is not different. 

2. The THR requirement of neonatai piglets fed orally is w t  different fiom 

pubiished estimates. 



Experïment 2 Objectives: 

This experiment will focus upon the effect of THR on gut mucias, due to the 

importance of THR in the structure and function of mucin and the importance of mcins 

on gut health, growth and digestion. Specincally, my aim is: 

1. To determine if THR mtake has an effect on gut rnucins. 

Experimeent 2 Null Hypotheses: 

1 .  The quantity gut mucins in piglets receiving a THR-deficient diet vs. a THR- 

adequate diet is not different. 

2. The quant* of gut mucins in piglets receivbg THR orally vs. Litravenously is 

not different- 



4. EXFERIMENT 1 : THREONINE REQUIREMENT OF NEONATAL PIGLETS FED 
NïlWGASTRICALLY 

4-1 INTRODUCTION 

The goal in feeding hufnan neomtes both parenterdly and enterally is to provide amino 

acids at mflicient Ievels for protein synthesis. At the same time, excess mtake is avoided 

as surplus pools of amino acids andbr their degradative products may stress immature 

enymatic removal processes, leading to toxicity. Kigh plasma threonine concentrations 

may be problematic in infants due to its possible neurotoxic effects, as threonine levek m 

cerebrospînai auid increase with increases m plasma threonine concentration This may 

impair the proper development of the central nervous system in the neonate (Anderson 

and Raiten 1992) - 

In both preterm (Schanler and Garza 1987) and term infânts (Janas et al. 1985), 

threonine intake was found to correlate with plasma concentrations, suggesting the 

oxidation of excess threonine was insufficient, h o ,  the highest threonine concentrations 

were seen in +ts of the lowest gestational age m g o  and Senterre 1980). In growing 

rats, hepatic threonine dehydratase activity was found to be low during the postnatal 

period in contrast to its activity in addt rats (Grogan et al, 1 988). 

The threonine requirement of piglets determined f2om the intravenous uifusion of a 

purely synthetic diet was found by Chen. (1997) to be 0.2 gkgld. In contrast, published 

esthates of threonine requirement is 0.6 1 g/kg/d (NRC 1 99 8). This large discrepancy 

may be due to a combination of Merences in route of feeding, composition of diet, 

method of estimation, and the age of pigs observeci. Consequently, this experiment 



determined an oral threonine requirement that would be more cornparable to the 

intravenous data Using the same methods as Chen and modifi.ing ody the route of  

feeding to intragastric intùsion would einninate the systematic discrepanciies between 

Chen's results and that of the NRC. A true cornparison of intravenous and oral threonnie 

requirement in the neonatd piglet mode1 for premature human infants would then be 

possible. The objectives of this expriment are to empiricaIiy deteremïne the intragastric 

threonine r e q u h e n t  for neonatal piglets and to compare this requirement with prrblished 

estimates based upon extrapolations tkom older pigs. The null hypothesis is that the 

threonine requirement of piglets fed mtravenously and intragastrically is not different, nor 

is this requirement different fiom published values. 

4.2 MATERIALS AND METHODS 

4-2.1 ANIMACS AND SURGERY 

Twenty-six male Yorkshire piglets (approximately 2-3 ciays of age) were assigned 

to one of 7 tbreonine treatments (0.1, 0.2,0.4,0.6, 0.8, 1 .O, 1.2 g/kg/d) in a compIeteIy 

randomized design. On day O of the study, the piglets were transferred h m  a specifïc 

pathogen-fke herd (Arkeil Swine Research Station, University of Guelph) to the animal 

holding facilities in the Department of Animal Science, University of Guelph AU pigIets 

had remaïned with the sow pnor to the study. The piglets were initially anesthetized for 

surgery by injection of acepromazine (0.5 mgkg Atravetm, Ayerst Laboratories, 

Montreal, PQ) and ketamine hydrochluride (22 mgkg Rogarseticm, Rogar STB hc., 

Montreal, PQ). Subsequent anesthesia was maintainecl by the admuiistrat . .  
ion of a mixture 



of oxygen and halothane (FluothaneTM, Ayerst Laboratories, Montreal, PQ). Under 

sterile conditions, a 2 cm (3 mm deep) incision was made in a transverse direction on the 

left side of the chest. A silastic catheter (1.0 mm id. x 2.2 mm 0.d.) was tunneled 

subcutaneously £kom a point dong the initial incision towards the neck region and 

extemalized, A 2 cm sagittal incision was made laterai to the trachea and the Iefi jugular 

vein was isolated. The silastic catheter was tunneled towards the jugular vein and then 

inserted and extended to the superior vena cava 

A 2 cm incision was made in the left thigh at the femoral vein. The fernord vem was 

isolatecl and a silaçtic catheter was tunneled subcutaneously fkom a point dong the 

original incision towards the left femoral veia The catheter was inserted in the femoral 

vein and extended to a point proximal to the hepatic artery, 

A 3 cm midsagittal incision was then made in the abdomen, extending fiom the 

umbilicus. The stornach was extenialized and a catheter was inserted and anchored, The 

fiee end of the catheter was then tunneled towards a point dong the original incision and 

extefnalized. All catheters were anchored to surrounding muscle tissue by silastic 

grommets. All incisions were closed and covered with a topical ant*iotic cream 

(Hibitme Veterlliary Ointmentm, Ayerst Laboratories, Montreal, PQ. Catheter 

positions were verined at necropsy and catheter patency was maintained by flushing wah 

saline daily. Post-operative intramuscuIar injections of 0.4 cc stede anti'bacterial 

dphadoxhe ( B o r g P ,  Hoechst Roussel Vet Canada Inc, Regina, Sask.), and 0.7 cc 

gentamicin suiphate (GarasolTM, Scherring Canada Inc., Pointe-Claire, Que.) were then 

administered. The pigiets were then placed in mdividuai cages in banks of four and ntted 



with a vest attached to a tether and swivel (Aiice King Chatham Medx'cal Arts, Los 

Angeles, CA) located at the top of the cage. This allowed for visual and a d  contact 

with litter-mates as welI as complete fieedom of movement of the pigIet and ease of 

feeding. The cages were rnaintained in an isolated room at 25°C with supplementd heat 

provided by heat lamps. The room was kept on 12 h light, 12 h dark cycles and toys 

placed in the cages were used to enrich the environment. 

4.2.2 NUTRIENT SOLUTIONS 

Following surgery @ay O), the piglets were fed intravenousiy via the jugular 

catheter for about 24 hours at a rate of 6-75 ml/kg/h (haIf normai rate). On Day 1, 

adaptation to oral feeding commenced and feeding was administered via the gastric 

catheter at a rate of 20.25 mL/kg/h at a dilution ratio of 1 :2 (nutrient sdution : HtO) for 

1 2 hours. The dilution ratio was then changed to 1 : 1 (nuirient solution : H20)- On &y 2, 

the dilution was changed to 2: 1 (nutrient solution : &O) and maintaÏned for the duration 

of the study. 

The piglets received the base nutrient solution (Table 4.2.2.1) for a period of 5-5 d a .  

contaMing a threonnie level of 0.8 g/kg/d (1 -64 g/L diet), followed by the introduction of 

the test nutrieot solution containmg varyïng levels of threonhe and alanine. Alanine levels 

in the nutrient solution were altered to maintain an isonitrogenous diet. On day 6, an 

indicator amino acid oxidation study was performed, with the intragastric hfbïon of the 

test nutrient solution king maintained for the duration of the oxidation study. 



Table 4.2.2.1 Nutrient Pronle of diet used during the initial 5.5 days o f  the studv 

Nutrient Concentration as  fed (/L) 

L-Alanine 
L- Arginine 
L-Aspartate 
L-Cysteine 
L-Glutamate 
Glycine 
Glycyl-L-Tyro sine 
L-Histidine 
L-Iso leucine 
L-Lysine*HCl 
L-Methionine 
L-Phenylalanine 
L-Proline 
L-Serine 
L-Taurine 
L-Threonine 
L-Tryptophan 
L-Tyrosine 
L-Valine 
Dextrose 
& H P 0 4  

Potassium acetate 
NaCl 
MgS04.(7H20) 
zd04@(17fT20) 

bhso4 (1.65 % W/V) 

Calcium gluconate 
Micro +6@ trace element mix" * -b 
Fe dextran (8 % v/v) 
Intralipid 20%- 
Water (ddH20) 

3.29 g 
1.88 g 
1.88 g 
0.45 g 
3.25 g 
0.76 g 
0.72 g 
0.96 g 
1.43 g 
2.19 g 
0.60 g 
0.98 g 
2.56 g 
1.73 g 
0.14 g 
1.64 g 
0.66 g 
0.24 g 
1.64 g 
50.55 g 
0.88 g 
0.61 g 
0.82 g 
1.21 g 
0.44 g 
0.05 g 
73.5 p.L 
3.58 g 
9.2 rnT, 
9.2 mL 
3-1 niL 
97-5 mL 
complete to 1 L 



a Contents of Micro +6@ trace element mix 

Trace Element Concentration ( m o  VmL) 
Chrome 0.076 
Copper 6.3 
IodÏne 0.47 
Manganese 1.8 
Selenium 0.25 
Zinc 44.9 

Contents of MW?' vitamin mix 

Vitamin Concentration 

Vitamin A 2300 U 
Thiamine (as hydrochloride) 1.2 mg 
Riiflavin (as phosphate) 1.4 mg 
Niachamide 17.0 mg 
d-panto thenic acid 5.0 mg 
Pyridoxine hydrochloride 1.0 mp 
Biotùi 20 Pg 
Folk acid 0.14 mg 
Vitamin B 12 1 Pg 
Ascorbic acid 80 mg 
Vitamin D 400 U 
Vitamin E 7.0 U 
Vitamin Ki 0.2 mg 

' Contents of  Intralipid 2 0 % ~  intravenous fat emulsion 

Constituent Concentration 
Soybean oil 20% 

Linoleic acid 52% 
Lino lenic 8% 
Oleic acid 22% 
Palmitic acid 13% 
Stearic acid 4% 

Egg phospholipids 1.2% 
Giycerin (anhydrous) 2.2% 



4.2-3 INDICATOR M O  ACID OXiDATICBN 

The piglets were placed in individual an airflow-controlied (20 L/min) Plexigias 

respiration chambers (60 x 40 x 40 cm) and accliniated for 30 min. A tracer solution 

containing 2 -5 pCilmL L-[l -'4~]-phenylalanine <Amencan RadMlabeled Chernical, Inc, 

St. Louis, MO) was infùsed at a priming dose o f  5 @/kg for 10 min, followed by a 

constant infusion of 3.5 pCi/kg/h for the duratimn of the 6-hour osdation study. The 

tracer solution was infiised mto the jugular catheter through pressure-sensitive miMobore 

tub'ig (IVAC, Eli Lay Inc., San Diego, CA), and the rate of infiision was controlled by a 

cali'brated syringe pump (NAC Pump Series 7 0 ,  Eli Lilly Inc., San Diego, CA). 

Phenylalaaine oxidation was measured by the cornplete collection of  I4c02 eliminated 

by the piglet (Bali & Bayley, 1984). The air that was pumped fkom the chamber was 

bubbled through three gas washing bottles comected in series. The bottles contained 

150, 150, and 100 mL, respectively, of a mixture of ethylene glycol monomethy1 ether and 

ethanolamine absorber solution (2: 1 vol,vol; Fisher ScientSc, Nepean, ON) that was used 

to trap all of the   CO^ expired by the piglets. The first breath collection penod ended 45 

min d e r  the initiation of tracer &ion. The gas washing bottles were replaced with 

clean bottles containhg fiesh absorber solution, The volume of absorber solution m each 

bottle was measured at the end of each collection period. A 1 mT, aliquot was taken fiom 

each bottle for scintillation counting (5 mL AtomLightM Quid scintillant, Du Pont 

Canada, Mississauga, ON). Subsequent breath CO llection occurred at 30 min intervals, 

witb the last collection at Sh, 45 min_ 

Blood samples (1.5 mL) were taken via the femraI catheter just prior to the 



commencement of tracer infiision and continued at 30 min intervals, with the last sample 

taken at 6h. The blood samples were drawn into heparinized syrïnges, transfmed to 1.5 

mL microcentrifùge tubes (Bio-Rad Laboratories, Mississauga, ON), and centrifiiged for 

3 min at 5000g (Biofbge, Keraeus Instruments, Caniab, Mississauga, ON). The piasma 

fayer was removed and stored at -80°C for later analysis of plasma specSc radioactivites 

of phenylaIanine and tyrosine. 

At the end of the oxidation study, the piglets were killed by injection of sodium 

pentobarbital(0.3 U g ) .  Final body weight was measured and the k e r  was extracteci, 

weighed, fiozen in liquid nitrogen, and stored at -80°C. 

4.2.4 14c02 ANALYSIS 

The aliquots taken fiom each absorber bottle were counted for 10 min on a liquîd 

scintillation counter @S6000SC, Beckman Instruments Canada Ltd., Mississauga, ON), 

with corrections for background counts as well as counting efficiency (Auto DPM mode). 

4.2.5 PLASMA PHENYLALANINE AND TYROSINE CONCENTRATION AND 

SPECIFIC RADIOACTIVITY 

Plasma phenylalanine and tyrosine concentrations were determined by reverse phase high 

performance liquid chromatography (HPLC), following the method of BidIingmeyer et aL 

(1984) for the preparation of phenylisothiocyanate VITC, Pierce, Rockford, IL) 

derivatives for HPLC amino acid d y s i s .  400 JL plasma were mixed with 40 p.L 

intemal standard (2.5 Crm/mL norleucine, Sigma Chernical Co., St- Louis, MO) and 1 mL 



protein-precipitating agent (0.5% tnfluoroacetic acid in met hano i), and then centrifùged 

for 5 min at 5000g. The supernatant was collected and fieeze-dried. 100 pL of a 

solution containhg triethyhmine, methanol, and distilled de-ionized water (1 : 1 :3) was 

then added and the mixture was vortexed and fieeze-dried. 50 pL of a derivitizbg 

solution containhg distilled de-ionized water, triethylamine, methanoi, and PITC (1 : 1 :7: 1) 

was added and the mixture was vortexed, dowed to stand for 35 min, and then fieeze- 

dried. The derivatives were resuspended in 200 pL sampie diluent (5% phosphate M e r  

in acetonitde) and 50 pL was injected onto a 30-cm Ci* reverse-phase HPLC c o 1 m  

(Novitpak, Waters, Milford, MA) maintained at 46OC, with amino acid elution established 

by a sdt-organic gradient solvent system. An in-he fiaction colIector (Bio-Rad 

Laboratories, Mïssissauga, ON) dowed for the collection of phenylalanine and tyrosine 

fractions as they were eluted fiom the COIUII~I[L The hctions (1 mL) were coliected into 7 

mL plastic scintillation viais (Rose Scient Sc, Mïssissauga, ON), biodegradable liquid 

scintillation cocktail (5 mL, BCS, Amersham Canada, Oakville, ON) was added, and the 

vials were then cuunted on a Equid scintillation counter (Canberra-Packard mode1 1600, 

Canberra-Packard, Mississauga, ON). The phenylalanine and tyrosine hctions were 

counted for 40 and 15 min, respectively, with corrections made for background counts 

and couuthg efficiency. 



4-2-6 CALCULATIONS 

Phenylalanine and tyrosine concentrations were caiculated as: 

[amino acid] (pnol-m~-')  = (amino aeid peak a r a  / Norleucine peak area) - 
CF RF, 

where CF is the concentration factor (0.25 p o l  Norleucine - d-' plasma) and RF is the 

response factor for the mdividual amino acid. Response factors were calcuiated as: 

RF = Norleucine peak area / amino acid peak area 

for equimolar standards. 

The plasma specific radioactivities (SRA) of phenylalanine and tyrosine were calcuIated 

as: SRA (dprn-pno~') = amino acid rndioactivity (dpm.mL?) / 

[amino acid] (pnol-rn~-') 

Plasma phenylalanine SRA data was plotted against time and a mean plateau value was 

calcuIated fkom the plasma SRA values during tracer infbsion Plateau d u e s  were 

verXed by confïmbg a zero slope by regession adysis. 

Phenylalanme flux of the f?ee amino acid pool was detennined by use of a stochastic 

mode1 of amino acid metabolism descn'bed by Waterlow et al. (1978) under steady state 

conditions: 

Flux(Q)=S+E=B+I ,  

where S = non-oxidative losses, a reflection of protem synthesis 

E = orcidative losses 

B = protein breakdown 

1 = intake of phenylalanine 



Phenylalanine flux was cdculated as: 

Q (pmol-kg~'-h") = Dose (dpm-kg-'-h-') / plateau (dpm-pmorl), 

where Dose = radioactivity of infiised tracer. 

The rate of I4c02 expÏry (dpm-kg-' -h-') fiom oxidation of the ['4~]-~henylalanine 

tracer was plotted for each collection period and isotopic steady state was determined and 

corrected for retention of the label in the bicarbonate pool (bicarbonate retention factor, 

BRF) as: 

Corrected V"CO~ =kg%' (dprn-kg-'-Y') = ~ ' ~ ~ 0 2  (dpm*kg"-hm') / BRF, 

where vi4c02 is '4~0~ production, and BRF = 0.93 (Wykes et al, 1994). 

The rate of oxidation relative to the rate of isotope infüsion was represented as % dose 

oxidized and calculated as: 

% Dose oxidized = Corrected ~ ' ~ ~ 0 2  -kg-%' (dpm-kg-'-h") / 

Dose (dprn-kg-'*h-') 100% 

The orgdation rates of phenyiaaafune were calculated as: 

Pbenylnlanine oxida tioa (E) @mol-kg-'-h-') = 

Corrected vL4c0+ 4yg-'-h-' (dpm-kg-'-h-') / pheaylalanine SRA (dpm Irm~rl). 

The rernainder of the flux components were dculated as follows: 

Non-oxidative losses (S) (pmol-kg%l) = Q - E 

Iatake O (pmol-kg-l-h-l) = [p henylahniae in diet] (Irmol-m~-') 

infusion rate of diet (day 6) (m~-k~"-h-'). 

Contribution from protein breakdown (B) (pmol-kg-'-h-') = Q - 1 



Net phenylalanuie loss/gain was represented as the apparent phenylalanine balance and 

calcuiated as: 

Phenylalanine balance (pmol -kg~' -~~)  = 1 - E 

Conversion of phenylalanhe to tyrosine was calculated as: 

Tyrosine SRA : Phenylalanine SRA (%) = [ '4~] -~ymsine  plateau / 

[ '4~]-~heny~alanine plateau 100% 

4.2.7 STATISTICS 

The THR requirement was detemillied using breakpoint analysis by two-phase linear 

regression (SAS v.6.07, Cary, NC). Statistical analyses of THR kinetics were performed 

by ushg Tukey's multiple comparison test (SAS v.6.07, Cary, NC) to compare between 

diet treatment groups. 



4.3 RESULTS 

4.3.1 WEIGHT CHANGES 

During the course of the study, the piglets were heaithy and active. The average Eitial 

weight of the pigiets was 1.75 kg (SD = 0.15), the average fiaal weight was 2.57 kg (SD 

= O.22), and the average d d y  gain in weight was 0.15 kg (SD = 0.03) (Table 43.1.1). 

Weights and weight changes were not signiscantly Herent among the different diet 

levels. 

Table 4-3-1.1 Weight Changes During Indicator Amino Oxidation Studv 

Threonhe Intake (dkdd) 
Weight (kg;) 0.1 0.2 0.4 0.6 0.8 1.0 1.2 MeanSD,r,à 
Initial 1.69 1.65 1.88 1.80 1.79 1.77 1.63 1.75 0.15 
Final 2.53 2.59 2.82 2.53 2.63 2.59 2.32 2.57 0.19 
Wt gainid 0.15 0.17 0.16 0.13 0.14 0.15 0.13 0.15 0.03 
n 3 3 4 4 4 3 4 

4.3.2 PLASMA AMIN0 ACIDS 

As threonine intake increased fiom O. 1 g/kg/d to 0.2 g/kg/d, pIasma phenylalanine 

concentration deciined fiom 13 1 p o Y L  to 82 pmol/L (P<0.05) (Table 43.2.1). From 

threonine intakes of 0.2 g/kg/d to 1.2 g/kg/d, plasma phenylalanine concentration was not 

signiscantly different. Plasma tyrosine levels declined fkom 114 pnoVL (at 0.1 g/kg/d of 

themine) to 29 p o V L  (at 0.4 gA;g/d of threonine) (P<0.05). With increasing threonine 

intakes, the plasma threonioe concentration rose fiom 34 p o V L  (at 0.1 g/kg/d of 

threonine) to 1734 pmoVL (at 1.2 g/kg/d of threonine) (P<0.001). 



Tabie 4.3.2.1 Amino Acid Concentration in Plasma 

Plasma Concentration (prnoVL) at different 
Threonine Intakes (g/kg/d) 

0.4 Amino Acid O. 1 0.2 0.6 0.8 1.0 1.2 Mean SD,M 
Tyrosine 114 76.0 29.4 36-7 33.1 29.9 29.8 41 30 
Phenylalanine 131 81.7 71.7 74.3 78.7 66.8 63.5 82 30 
Threonine 34.0 36.6 159 652 835 581 1734 612 43 

During the oxidation study, plateau levels in both plasma phenylalanine and tyrosine 

SRA and breath I4c02 were reached 2 h after the initiation of the isotope infusion m al1 

pigs. The ratio of plasma tyrosine SRA:plasma phenylaianine SRA was not fond to be 

simiificantly between diffierent diet treatments (Table 433.1). Phenylalanine intake for 

each pig was estimateci to be 120 pmoVkg/h. Phenylalanine flw ranged fiom 41 6 

pmoVkg/h to 5 15 pmoVkg/h between the di;tferent diet treatments. Non-oxidative 

disposal of  phenylalanEe among different diet treatments ranged fiom 358 pmoykgm to 

494 pml/kg/h and phenylalanine release fkom protein ranged fiom 296 pmol/kg/h to 395 

pmoYkgh. Differences m flw non-oxidative disposal and release fiom protein were not 

found to be statisticdy simcant among diet treatments, 



Table 4.3.3.1 P henvlalanine Kinetics 

Threonïne Intake (FJ/kddl 
Parameter 0.1 0.2 0.4 0.6 0.8 1.0 1.2 S D ~ I ~ ~  

Corrected v14c02 1174" 7 ~ 7 " ~  4 0 5 ~  272" 260" 3 1 6 ~  244' 191 
(xi d DPM/kg/h) 

Plasma PHE SRA 
(xi o3 DPM/umol) 

Piasma TYR SRA 
(xi o3 DPWumol) 

TYRPHE (%) 

PHE Flux (Q) 
(=mm 
PHE Oxidation (E) 
(-Wh) 

Intake 0 
t m o w m  

Non-ox. losses 
(S=Q-E) (-o%m 

Breakdown (B=Q-1) 
(=O&#) 

PHE Balance (f-E) 
( u m o m m  

% Dose Oxidized 

kb denote signifïcance by Tukey's multiple cornparison test wO.05) 

Phenylalanine olridation was found to be signiscantly dinerent across different levels 

of threonine intake, expressed as either collected  CO^ in breath (Table 4.3.3.1, Fig. 

433,la,b), as caiculated with the inclusion of plasma phenylalanine SRA data, or as a 
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Figure 4.3.3.1a Threonine Requirement by 2-Phase 
Linear Regression. Mean 14C4 radioactivity in pig kts 
receiving different levals of threonine. Values are means 
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Figure 4.3.3.1 b Threonine Requirement by 2-Phase 
Linear Regression. 14Cq radioactivity in coliected 
breath of individual pigle6 receiwng different leu& of 
aireonine. 



percentage of the dose oxidized (Fig. 4.3.3.2a, b), As threonùle intake increased ffom 0.1 

to 0.4 g/kg/d, phenylalanine oxidation declined significantly (P0.05). With subsequent 

increases in threonine intake fiom 0.4 to 1.2 @&ci, there was no change m phenyIalanine 

oxidation P O .  05). Sirnilarly, apparent phenylalanine baiance increased with increasmg 

threonine mtakes fiom 0.1 to 0.4 g/kg/d, to a piateau at intakes >0.4 g/kg/d (Fig. 

4.3.33a, b). 

In determining the breakpoint in 2-phase linear regression analysis, the data 

partitionhg that produced the highest regression coefficient was used . The breakpomt, 

estimated by phenylalanine oxidation rate (Fig. 43.3.1b) and phenylalanine balance (Fig. 

43.33 b) occurred at a threonine intake level of 0.46 g/kg/d (95% CI: 0.32-0.6 1,3 = 

0.663). The breakpoint estimated by phenylalanine oxidation as a percentage of dose 

(Fig. 4.3.3.2b) was found at a threonine intake level of 0.42 grlcgfd (95% CI: 0.33-0.51, 

r2 = 0.777). These results are summarized in Table 4.3.3.2. 

Table 4.3.3.2 Threonine Reauirement bv Breakpoint Analysis 

Parameter Breakpoint Lower95% Up~er95% SE 3 
I4c02 0.44 0.33 0.55 0.06 0.752 
PHE Oxidation 0.46 0.32 0.61 0.09 0.663 
PHE Balance 0-46 0.32 0.61 0.09 0-663 
% Dose 0.42 0.3 1 0.5 1 0.05 0.777 



L-[C14]-Phenylalanine Oxidation 
as a % .of Dose 
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Figure 4.3.3.2a Threonine Requirement by 2-Phase 
Linear Regression. Mean phenylalanine -dation as a % 
of dose in pigiets receiving different h l s  of threonine. 
Values are means + SEM. 
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Figure 4.3.3.2b Threonine Requirernent by 2-Phase 
Linear Regression. Phenyialanine ûxidaüon as a % of 
dose in individual piglels receiving different le& of 
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Figure 4.3.3.3a Mean apparent pheny bianine bahnce in 
pigiets receiving total parenteral nutrition intragastricaly 
Ath graded intakes of threonine. Values are means k 
SEM. 
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Figure 4.3.3.3b Apparent pheny lalanine balance in 
indiwdual p i g b  receiving total parenteral nutrition 
intragastrically wÏth graded intakes of threonine.. 



4-4 DISCUSSION 

The use of the indicator amino acid oxidation technique has been applied successfùlly 

in determinhg amino acid requirements in piglets and humans (Zelllo et al. 1995). In the 

case of threonine, this method is especially advantageous due to the complicated nature of 

its metabolic pathway. As such, direct oidation techniques are inappropriate or very 

dBicdt. During direct olcidation, labeled 14c02 fiom 1 4 ~ - t ~ n i n e  wodd k 

underestimated due to the sequestration of 1" and 2" carbon atoms into glycine (Bdevre 

et al 1990, Le 'Floch 1995). Threonine requirements are thus more suitably estimated by 

the indicator amino acid oxidation technique. 

Several parameters measured in this experiment correlate with data obtained by Chen 

(1997). The initial and final weights of the pigs, tirne for the radioactive label to reach 

plateau in plasma, piasma tyrosine:phenylalanine ratios and plasma phenylalanine changes 

were simila. in both studies. Also, phenylalanine intake, fI UX, non-oxidative disposal and 

release fiorn protein were not different among treatments m the present experiment, as 

was the case in the parenterai study (Chen 1997). In intravenousiy fed p i g k  receivmg 

the identical diet (Chen 1997), plasma threonine levels ranged fiom 88 umoYL, at an 

mtake level of 0.05 @g/d of threonine, to 647 umoYL at an intake level of 0.6 gkg/d of 

threoniw. In the current experiment, plasma leveis in the intragastrically fed piglets 

ranged fiom 34 umoW to 1734 umoYL at O. 1 and 1.2 g/kg/d of threonine, respectiveIy. 

At the intravenous requirement of about 0.2 g/kg/d of thranine, the plasma threonine 

level was about 186 umol/L (Chen 1997). In cornparison, at the intragastnc requirement 

of about 0.4 g/kg/d, the plasma threonine level was similar at 159 umoVL. This similarity 



in results between Chen's and the current study suggest that cornparisons in threonine 

requirement obtained in each study are comparabIe, d33eri-g only in the route of 

- .  admuiistration 

The safe level of intake for amino acids would meet the needs of 95% of  a n o d y -  

distn'buted popdation (i.e. the upper 95% confidence Siterval). The d e  level of the 

requirernent of threonine deter-ed by Chen (1 997) was 0.21 g/kg/d, while the safe Ievel 

of threonhe determnied in the current study was found to be 0.5 1 g/kg/d, In both cases, 

phenylalanine oxidation as a percentage of dose was used as the data set was Ieast 

variable. Usmg expired COz, the requirement level in the current experiment was found 

to be 0.44 g/kg/d., with a d e  level of threonine intake of 0.55 g/kg/d. The similari t ,  in 

estimates obtained fiom using different measured parameters (expired CO*, phenyiabine 

oxidation, phenylalanine oxidation as a percentage of dose, phenylalanme balance) M e r  

exemplifies the efficiency of the indicator amino acid oxidation technique m detennining 

amino acid requirernent Ievels without the need of blood sampling and M e r  isolation of 

the radioactive IabeL Similsrly, the threonine requirement and safe levels of intake as 

determined by phenylalanine oxidation and phenylalanine balance were both found to be 

0.46 g/kg/d and 0.61 g/kg/d, respectively. 

The threonine content of the total parenteral nutrition solution used in the present 

study corresponds to a threonine intake level of 0.8 gkg/d. Plasma threonine Ievels in 

intravenously fed piglets receiving O. 6 g/kg/d of threonine was 647 umol/L (Chen 1 997) 

while piglets receiving 0.8 g/kg/d intragastricaily in the current study had plasma 

threonine Ievels of 835 umoYL. Compared to plasma threonine ïevels at requirement, this 



suggests that the threonine content in commercial TPN solutions are much higher than 

needed and rnay be nearing a state of toxicity. 

Changes in phenylalanine b a h c e  represent changes in whole-body protem synthesis, 

Because balance is defined as Intake - Excretion (by oxidation), an increase m 

phenylalanine balance would suggest that more phenyIalanme is required by the body, 

presumably for protem synthesis. As the intake of the deficient amino acid (threonine) 

increases, so too does the body's capacity for protein synthesis, as exhiiited by a rîse in 

phenylalanine balance, Above the requirement of the litnihg amho acid threonine, 

protein synthesis is maximal and the difference between the amount of phenylalanine 

needed for protem synthesis and the amount oxidized as excess amino acid becornes 

constant. 

There is evidence that parenteral amino acid requirements are fower than enteral 

requirements. In piglets fed parenterally, the Jysine requirement was found to be about 

72% of the oral requirement for piglets according to NRC estimates (House et aL 1998, 

NRC 1998). Wah respect to threonhe, the parenteral requirement was found to be only 

45% of the oral requirement in piglets fed identical diets under similar environments, 

Inferences based upon the direct cornparison of parenteral data with NRC estimates are 

utveliable since those estimates are extrapoiated f?om data that is expressed as a 

percentage of a corn-soybean meal diet (Kim et aL 1983). Also, protem intakes and 

digesttbilities varied widely in those experiments. Thus, the oral threonine requirement 

determincd in this study is more suitable for cornparison to da& obtained fiom 

parenteraiiy- fed experiment S. 



Lower estimates of amino acid requirements m parenterally-fed piglets might be 

expected due to the exclusion of k t - p a s s  metabolism by the splanchnic organs. The gut 

is atrophied during parenteral feeding and this fâct is of particular signifïcance in the case 

of threonine as it is highly expressed in the mucus layer that h e s  and protects the entire 

gastrointestmal tract. The mucosa of the gastrointestinal tract bas one of the most rapid 

turnover rates of any tissue in the body (Johnson and McCormack 1994)' fb.rther 

exhi'b'aing a possible reason for the large disparity in threonine requirement between oral 

and mtravenous feediig. Stoli et al (1998) found that the gastrointestinal tract 

rnetabolizes about 35% of dietary leucine, lysine and phenylalanine on fùst pas, wMe 

61% of dietary threonine was metabolized. Of this metabolized threonine, 90% of it was 

either secreted as mucosal proteins or catabolized. In humans, indispensible amino acid 

losses-in the gut has k e n  shown to account for 14-33% of daily maintenance 

requirement. In the case of threonine this l o s  accounted for 61% (Fuller et al. 1994). 

This suggests that threonine may be in high demand by the gut and that a large portion of 

the body's requirement for threonine is for use by the gut. During parenterd feeding, gut 

atrophy (Le. reduced gut hction) may help explain the bwer threonine requirement 

versus enteral feeding. Because threonine is highly incorporated m the structure and 

Rinction of gastrointestiaal mucus, specifically much proteins (chapter 2)' the difference 

in requirement levels between parenteral and enteral f&g may be explained by its 

specinc use in the gut. During times of gut atrophy, there is a concurrent decrease m the 

ainount of mucus linmg the gastrointestinai tract, which may result m a dmease m the 

amount of threonùie required by the gut, and cons~quently~ decrease the body's overail 



4.5 CONCLUSIONS 

The oral threonine requirement m neonatal piglets fed an elemental diet was found 

using the indicator amino acid oxidation technique to be 0.42 g/kg/d, with a d e  level of 

intake (upper 95% codidence limit) of O S  1 g/kg/d. This corresponds closely to the 

published mean estimate of 0.6 g/kg/d according to NRC requirements for a corn and 

soybean meal diet. Although similar quantitatively, an empirical determination is required 

in order for usefiil comparisons to our parenteral feedmg mode1 to be made. The 

parenteral threonine requirement, previously detennined to be 0.2 g/kg/d, is 45% of the 

present estimate of the oral requirement. Therefore, whüe the null hypothesis of no 

merence in threonine requirements between empirical determination and published 

estimates is accepted, the n d  hypothesis that parenterd and enteral threonine 

requirements are not ciifferent is rejected. 



5 EXPEEUMENT 2: THREONINE AND MUCIN SYNTHESIS IN THE GUT 

5-1 INTRODUCTION 

The threonine requirement for piglets of approximately 8 days in age was determùled 

by Chen (1 997) to be 0.20 g/kg/d when fed mtravenously. When piglets were fed an 

identical diet intragasirically, the requirement level was estnmated to be 0.55 g/kg/d 

(chapter 4), which is similar to NRC guidelines for oral threonine requirement (NRC, 

1998). These results suggest that an appreciable portion of the oral threoniue 

requÏrement is used in the gut- Stoll et aL (1998) have observed that about 60 % of orally 

supplied threonine is retained in the gut, which is consistent wÏth the difference in 

requirement between Chen (1 997) and the present results (Chapter 4). 

When we tned to explai. the merence between the enteral and parenteral threonine 

requirement, we noted that thrwnine is important in the maintenance of the mucus Iining 

of the gastrointestinal tract. As outihed in Chapter 2, threonine is an integral constituent 

of intestinal mucin protellis. Mucin proteins provide the structural backbone of the mucus 

gels that provide lubrication and protection fkom patfioge~ls. Without a weU-formed 

mucus gel layer, the underlying mucosa is more çusceptiile to attack by bacteria such as 

E. coli. We therefore reasoned that mucin production would be Mpaired by restnctmg 

dietary intake of threonine. Therefore, an investigation into the relationship between 

THR and gut mucin production may M e r  eiucidate the Merence in intravenous and 

oral THR requirement. The objective of the following experiment is to evaluate the effect 

of threonine intake and the route of supplementation on the quantity, location and type of 

gut mucins. Specificaiiy, the effect of an inadquate supply of threonine on gut mucins 



will be compared to an adequate supply of threonine. Also, the difference in gut mucins 

will be compared between threonine supplied orally and intravenously. 

5.2 MATERIALS AND METHODS 

5.2.1 ANiMALS AND SURGERY 

Twenty-one male piglets (approlamately 2-3 days of age), obtained fiom the minmial 

disease herd at the University of Alberta, were randomLy assigned to one of three THR 

treatments: 

Group 1 : DEFICIENT : 0.1 g/kg/d oral THR 

Group 2: ADEQUATE : 0.6 g/kg/d oral THR 

Group 3: SUPPLEMENTED: 0.1 g/kg/d oral THR + 0.5 g/kg/d intravenous THE2 

The piglets were anesthetized and catheters were placed in the stomach for intragastric 

feeding, in the left fernoral vein for blood sampling, and in the left jugular vein for 

intravenous W o n  of saline andior thranine using procedures previously descnid 

(chapter 4)- 

5.2.2 DAILY MAINTENANCE 

The basai diet composition was idenfical to that descriid in Chapter 4, aside fiom 

threonine (Table 4.2.2.1). The diet was kept isonigtrogenous by varying the 

concentration of the non-essential amho acid alanine. In the deficient group, tbreonine 

was supplieci at a rate of O. 1 g/kg/d orally via the gastric catheter and sterile saline 

solution (lg/L) was irdministered via the ju- catheter at a rate of 2 mUh. In the 



adequate group, dietary threonine was suppfied at a rate of 0.6 g/kg/d via the gastric 

catheter and a stede saline solution was adminstered as in the deficient group. In the 

suppIemented group, threonine was supplied via the gastnc catheter at a rate of 0.1 

g/kg!d and threonine (dissolved in saline) was adminXstered into the jugula. catheter at a 

rate of 0.5 g/kg/d to &tain an equal total threonine intake to that of the adequate 

group. The rate of infision of the threonhe-saline solution was also 2 m L h  The piglets 

were maintained on their test diet for 8 days. On each day, the piglets were weighed and 

blood samples were collected for plasma threonine and urea d y s i s .  The blood sarnpies 

were drawn via the femoral catheter into heparinized syringes, transfmed to 1.5 mL 

microcentrifiige tubes (Bio-Rad Laboratones, Mississauga, ON), and centrifirged for 3 

min at 5000g (Biofige, Heraeus Instruments, Canlab, Mïssissauga, ON). The pIasma 

layer was removed and stored at -80°C for later -sis of plasma amino acids. Total 

urine (for nitrogen balance) was coilected each &y, weighed and 7 mL çample volumes 

were kept at 4OC for analysis. The diarrhea score of each piglet was also assessed, as 

descn'bed in section 5.2.3. On the last day of the study, the piglet was anesthetized and 

the abdominai cavity opened. The distal end of the colon was tied off (with Cotton 

thread) at the anus and the duodenum was tied off (at the pyloric sphincter and ligament 

of Treitz). The entire Iength of intestine was then removed and phced in ice-cold saline. 

The mesentery was removed and the le@ of the small intestine was measured. The 

duodenum was then separated and a small section (approx. 2 cm) was taken fiom the 

middle of the section into 10% formalin for histological anaiysis. The remaining duodenai 

section was then emptied of its lumenal contents by squeeznig and the mucosa was 



scraped off- The lumenal contents, mucosa, and rernaining muscularis were weigheci, 

fiozen in liquid nitrogen and stored at -80 OC for M e n  analysis. The ileum, taken as the 

last 10% of the length of the smaii intestine to the ileocaed valve, was tied off and 

removed. The jejunum was separated into 3 equal lengths by tying 0% m a dïstai-to- 

proximal direction, and removed, The colon was tied off at its mid-point, uncoiled, and 

separated as proximal and distal sections. Sampling of each section mto formalin, 

scrapnig of mucosa, and fieezing of resutting samples were all performed as for the 

duodenutu 

5.2.3 INCIDENCE OF DIARRHEA 

The incidence and severity of diarrhea was O bserved daily, according to the method of 

Ball and Aherne (1987). Severity was swred upon the visual mspection of the 

consistency of fecal material on a scde of 0-3: O represented no diarrhea; 1 a slight 

diarrhea; 2 a moderate dîarrhm and 3 a severe, highly nuid diarrhea, Diarrhea scores 

were taken for 6 of 7 piglets in each treatment group. Because diarrhea was not 

anticipated, scoring was incomplete for the fkst replicate of three piglets. 

5 -2.4 NfTROGEN BALANCE 

Nitrogen excretion fiom daily urine samples were determined by KjeIdahl adysis 

(Bradstreet 1965). Approxhnately 2 g of urine sample was pipetted into a 500 mL tlask 

and a catalyst pack (containing 9.9 g K2SO4, 0.4 1 g H g 0  and 0.08 g CuSOs) was added. 

30 mL of concentrated HzS04 was added and the samples were digested for 30 min. at 



high temperature and then ailowed to cool to room temperature. 300 mL of water was 

then added to the flask and mked well. Approximately 1 g of Zn metal (20 mesh) was 

added, mixed and then 110 mL of 40% NaOH was added swirled to müc, and heated 

The resulting distillate (about 125 mL) was coilected into 250 mL flasks containing 50 

mL of 4% br ic  acid (containing bromocresol green and methyl red indicators). The 

ammonia was then titrated with 0.1 N H2SO4 to an end point of a light pink colour. 

For conversion to protein content, the following calculation was used: 

% Protein = % N x 6.25, 

where % N = [(mL of & S 0 4  - blank) x Mol. Wt. of N x NormaIity of H2S04 

x 100%] / rnass of sample 

5.2.5 PLASMA AMIN0 ACID ANALYSIS 

Plasma amho acid concentrations in daily blood çamples were determined by reverse- 

phase HPLC as previously descriid in chapter 4. 

5-2.6 PLASMA UREA ANALYSIS 

Plasma urea concentrations in d d y  blood samples were detennined using a Blood 

Urea Niogen @UN) Endpoint kit (Sigma Chernical Co., St. Louis, MO). 1 rnL of BUN 

reagent (contaïning 4.0 mmoVL a-ketoglutarate, 0.25 mmollL NADH, 16 O00 U L  

urease, 25 000 U/L glutamate dehydrogenase; pH 8.0) and 5 pL of pksma sample was 

added to a spectrophotometer cuvette, covered, hverted and incubated for 5 min The 



absorbance was read at 340 nm and subtracted fiom the absorbance of a reagent biank - 

(using 5 pL of ddistilled, deionized H20). Conversion of absorbance to urea concentration 

was performed by ushg a standard curve of urea samples of known concentrations. 

5.2-7 MUCIN ANALYSIS 

5.2-7-1 ISOLATION OF CRUDE MUCIN 

Cnide mucin was isohted fkom mucosal scrapings according to modified procedures 

of M e n  (1 98 1) and Miller and Hoskios (198 1). Mucosal scrapings were lyophiüzed and 

0.5 g was weighed into a 50 rnL polystyrene test tube. 25 mL NaCl (0.15M, with 0.02M 

sodium &de) was added and homogenized for 1 min at 4OC using a Polytron@ 

homogenizer @rinkman Instruments, Rexdale, ON). The samples were centrifùged 

inrmediately at 4OC for 30 min at 12,000 g. The upper aqueous layer was decanted into a 

second 50 mC polystyrene test tube and centrifuged again as before to remove insoluble 

matenai, 16 mL of aqueous supernatant was added to a pre-weighed 50 mL test tube and 

24 mL of ice-cold ethanol was added to yield a naal concentration of 60 % ethaml (v/v). 

The samples were ailowed to precipitate ovemight at -20 OC. The following &y, the 

samples were centrifbged at 4 OC for 10 min at 1400 g. The supernatant was decanted, 

the pellet resolubilized in 16 mL NaCl (O. 1 SM), cooled m an ice bath, and 24 mL of ice- 

cold ethanol was added. The samples were again dowed to precipitate ovemight at -20 

OC. The samples were then centrifbged again at 4 OC for 10 min at 1400 g and the 

procedure repeated mtil a clear supernatant was obtahed. Fbdly, the precipitate was 

resolubilized in 1 mL of distilled, deionized HzO and lyophilized. 



5.2-7.2 MUCIN QUANTITATION BY CARBOHYDRATE ANALYSIS 

Exactly 1.5 mL. H$304 (12MJ was added to 50 mg of  isohted crude mucin and Iefi to 

stand for 1 hr at room temperature. The solution was diluted to 3M with 4.5 mL distiilled, 

deionized H20 (ddH20)  and hydrolyzed for 1 hr at 110 OC. 200 pL intemal standard was 

added (N-methylg1uCaniine for ambo sugars, myo-mositol for neutral sugars, 10 mg/rnL 

ddH20) and a 1 rnL aliquot of the acid hydro lysate was coo Ied in an ice bath, and made 

basic with 700 pL concentrated ammonium hydroxîde. Of this, 100 pL was taken and 1 

mL of sodium borohydride (30 &mL in anhydrous dimethylsulphoxide) was added. The 

Ring-opening reduction reaction was aLlowed to occur for 90 min at 40 OC. Excess 

sodium borohydrate was decomposed with 200 pL glacial acetic acid, 200 pL of I- 

methlimidazole was added, then 2 mL of acetic anhydride. The acetyhtion reaction was 

allowed to occur for 10-15 min at room temperature- Excess acetic anhydride was 

decomposed with 5 mL distilleci, deionized H20 and cooled to room temperature. The 

alditol acetates were then extracted mto 4mL dichIoromethane by vigorous shaking and 

removal of the upper aqeuous layer. The acetates were washed twice with 4 mL distllled, 

deionized H20 and evaporated to dryness under a stream of nitrogen (extra dry). The 

alditol acetates were redissohed in 1 mL dichloromethane and 0.5 pL was mjected onto 

the gas chromatography (GC) column. The column used was a DB-17 fhsed silica 

cap- coiurnn (0.25 mm id. x 30 m), using He (1.5 mL/min) as the carrier gas. The 

injector temperature was set to rïse fiom 60 OC to 270 OC at 150 OC /min and maintained 

for 20 min. The oven temperature was set to rise fiom 50 OC to 190 OC at 30 OC /mm, 



maintaineci for 3 min. and then up to 270 O C  at 5 OCfmin and rnaintained for 5 muL The 

tlame ionization detector temperature was set at 270 OC. 

5.2.8 ANALYSIS OF HISTOLOGICAL SAMPLES 

Portions of the intestinal tract of  approximately 2 cm in length were taken fkom the 

duodenum, mid jejunum, ileum and p r o d  colon The samples were fked in 10% 

neutral buffered formalin (Histoprep, Fisher Scientinc, Pittsbmh Pennsylvania) and 

routhely processed and embedded in ~ a r a ~ l a s t @  Tissue Embeddmg Medium (Odord 

Labware - Division of Shenvood Medical, St. Louis, MO). Mer fixation, longitudinal 

strips ninning p d e l  to the mesenteric border of intestine were trimmed fkom the anti- 

mesenterie border. The strips were placed in cassettes, and then into a Fisher Mode1266 

Histomatie Tissue Processor (Fisher Scientinc, Pittsburgh, Pennsylvania) accordmg to the 

following schedde of fixation @y formalifl), dehydration (by ethanol), clearing @y 

xylene), and hpregnation (by paraplast@) (Table 5.2.8.1). 

Table 5.2.8.1 Preparation of mtestiaal tissue sam~les for histolo~cd staining 

S t e ~  Reagent Conc. (%) Temv (Cl Vac. Time (h) 
1 Formalin 10 40 Y 2 
2 Formalin 10 40 Y 3 
3 Ethanol 70 40 Y 1 
4 Ethanol 80 40 Y 1 
5 Ethanol 95 40 Y 1 
6 Ethanol 95 40 Y 1 
7 Ethanol 1 O0 40 Y 1 
8 Ethanol 1 O0 40 Y 1 
9 Xylene 40 Y 1 
10 Xylene 40 Y 1 
11 Paraplast 60 Y 1 
12 Paraplast 60 Y 1 



The tissues were then embedded in rnehed ~ a r a ~ l a s t @  using a Tissue Tek III 

Embedding Console (Miles ScientSc, Division of Miles Laborato~es, Inc., Napendle, 

IL). The parafEn blocks were then cooled on the Tissue Tek III cryo console and then 

sectioned on a Reichert Biocut 1 130 microtome meichert-Jung Scientifïc Iastniments, 

Belleville, ON). Serial 5 Pm longitudinal sectiom of each tissue were cut and floated 

onto a Tissue Tek II 45°C waterbath, t r d e r r e d  to glas slides, and dried for 1 hr at 

60°C. The slides were then stained with GWs Hematoxylm (3 min) and eosin (1 5 sec.) 

(H&E), 1% Alcian blue (AB, pH 2.5, 1 hr) for the localization of carboxylated andor 

sdphated acidic mucins; 1% Alcian blue (AB, pH 1 .O, 1 hr) for the selective identification 

of sulphomucins (Carson 1990); a combination Alcian blue/periodic acid(5 min.)-Schiff 

base (1 5 min) reaction (Modiied McManus Method, Mikel1999) d o w h g  .unsubstÏtuted 

alpha-giycol rich neutral mucins (Pink) and acidic mucins (blue) to be differentiated, With 

this procedure, a redish-pink colour was obtained when only neutrai mucins were present, 

a purple colour was obt-d when both neutral and acidic mucins were present within the 

same goblet celi and a deep purple when acidic mucins were mainly present. Specinc 

bindiug sites on the mucin protein for the stains are shown in Fig. 233.2. F i y ,  the 

slides were dipped three times in each of 90% ethanol, 100% ethanol, and xylene. A 

cover slide was then atnxed to the slide and then subjected to morphometric anaIysis 

(Carson 1990). 

Histomorphometric analyses of the stained sections were perfonned usmg a BH-2 

binocuiar light microscope (Olympus, Japan) at 10x ocular magdication with a 10x 



objective. The parameters measured were: 

1. villus height O, measured fiom the h h  border of the most distal epithelial cell 

at the tip of the villus to the villus-crypt junction), 

2. crypt depth (d, measured perpendicular to the muscularis mucosae from the 

crypt-villus junction to the basal lamina supporthg the deepest epithelial cell in 

the base of the crypt), 

3. villus width at at mid-villus height (mh) 

4. villus width at the crypt-villus junction (vb)- 

5. villus height-tonypt depth ratio, calculated as h/Q 

6. villus-crypt cross sectionai area, caiculated as vca = ir*(1/2 vb12, 

7. villus sudise area was calculated as  vsa = (z*mh* h) + n*(l/2 d l 2 .  

For all measurements and counts, ody  vertically oriented dli ,  crypts (small intestine) 

and colon gland ridges were selected. Longitudinal crypt and ndge sections were selected 

ifelongated, straight, possessed an open Iumed margin, and had crypt or ridge base in 

contact with the muscularis mucosae. 

Semiquantitative st-g intensities were subjectively evaluated based upon a scale 

ranging fiom O (unreactive) to +++ (intensely stained). To ensure comparability between 

the different groups of animais, the sections from all experïmental groups were stained in 

a single batch. 

In addition, cells in the intestinal mucosa stained with AB 1 .O, AB 2.5, or AB S.S/PAS 

were counted in 10 well oriented crypt-villus units in each animaL An eyepiece graticule 

was oriented at the base of the crypt and the different cell types were counted in that 



segment. The slide was then moved so that the graticde covered the adjacent segment 

and so on for sequential segments f?om the base of the rrypt to the tip of  the villus, Each 

segment was about 25 p m  in length, The counts for 10 segments fiom the base were 

pooled and expressed as a mean due to variations in villus lengths and orientation 

5.2.9 STATTSTTCAL ANALYSIS 

Statistical cornparisons of measured parameters between threonine treatment groups 

were performed by Analysis ofVariance (ANOVA), folIowed by the Least-Simiificant- 

DEerence (LSD) multiple cornparison test (SAS v.6.07, Cary, NC). DifFerences were 

considered to be signifi.cant at p < 0.05. 



5.3 RESULTS 

5 -3.1 DAlLY WEIGHT GAIN 

During the course of the study, the piglets in the threonine-adequate and supplemented 

treatment groups were healthy and active while the piglets in the threonine-deficient 

group became listIess after 1 to 2 days. The average initial weight of al1 the piglets was 

1.84 kg (SD = 0.37 ), the average nnal weight was 2.73 kg (SD = 0.45), and the average 

daily gain in weight was 0.1 1 kg (SD = 0.03) (Table 5.3.1.1). Weights and weight 

changes were not signiscantly different among the different diet levels. 

Table 5.3.1.1 Weight Changes in Pialets Fed Dinerent Levek of Threonine 

Threonine Treatment gr ou^ 
Weight - k Adeouate Deficient Supplemented Mean SD-I~  

Initial 1.83 1.92 1.76 1.84 0.37 
Final 2.82 2.8 1 2.53 2.73 0.45 
Wtgainld 0.12 0.11 O. 10 0.11 0.03 
n 7 7 7 

5.3.2 NITROGEN BALANCE 

Nitrogen htake over the course of the study did not dBer among the treatment groups 

@ > 0.10). Intakes were 2.00, 1.97 and 2.19 g N/kg/d (SD = 0.43) in the deficient, 

adequate and supplemented groups, respective& (Table 5.3.2.1). Baseline urinar~ 

nîtrogen excretion at the onset of the test diet averaged 66.1, 69.0, and 67.7 g for 

treatment groups receiviing 0.1 (descient), 0.6 (adequate), and 0.1 + 0.5 i.v. 

(supplemented) g THR/kg/d, respectively (Fig. 5.3.2.1). These values were not 

significantiy different between the three treatment groups By day 2 of the midy, the 

group receiwig deficient THR had a mean urinary nitrogen exmetion of 177.28, 



Mean Daily Nitrogen Excretion 

-- ADEQUATE - DEFlClENT -- SUPPLEMENlED 
THR THR THR 

Figure 5.3.2.1 Mean daily nitrogen excretion in urine of piglets 
fed different levels of threonine (THR). Values are means + SEM. 
Letten denote significant differences between THR treatment 
groups, P c 0.05. 



compared to 1 11.5 g for the THR-adequate group and 83.2 g for the THR-supplemented 

group. From day 2 to day 8 of the study, urhary nitrogen excretion in the THR-deficient 

group rernained stable, with a mean of 190.33 g. Nitrogen excretion in the THR- 

adequate and -supplemented groups also remained stable, at 8 1.1 5 and 77.16 g 

respectively. These latter two groups were not statisticaily different fiom each other 

while they were both signiscantly lower than the THR-deficient group @<0.05). 

NÏtrogen balance over days 2 to 8 were 1.4, 1.7 and 1.9 g/kg/d in the threonine deficien& 

adequate, and supplemented groups, respectively. Nitrogen retention was 70% in the 

deficient group and 84% in the threonine adequate and supplemented groups. 

Table 5.3.2.1 Nitrogen - Balance in Pinlets Fed Different Levek of Threonine 

Threonine Treatment 
Deficient Adeauate Sup~lemented SDd,d D 

Nitrogen Intake (g/kg/d) 2.0 2. O 2.2 0.1 0.99 
Nitrogen Output (g/kg/d) 0.7' 0.3~ 0.3~ 0.14 0.0001 
Nitrogen Balance (g/kg/d) 1.4 1.7 1.9 0.08 0.26 
Nitrogen Retention (%) 7ob 84" 84" 7.1 <0.0001 

qb denote s i ~ c a n c e  in rows by LSD multiple cornparison test (p<0.05). 



5.3.3 PLASMA THREONINE LEVELS 

Initiai plasma threonine levels at the onset of the test diet were not signXcantly 

different fiom each other, at 408 umol/L (SD 99)- 329 umoVL (SD 83) , and 324 umol/L 

(SD 76) in the deficient? adequate and supplemented groups, respectively (Fig. 533.1). 

In the deficient group, plasma threonine decreased at day 1 and rernained rehtivefy 

constant over days 1 to 8, at 53 umol/L (SD 16). Similarly, the threonine concentration 

m the adequate group also decreased by day 1 and remained constant fiom day 1 to 8, at 

an average of 1 8 1 umol/L (SD 32). In the threonine supplemented group however, plasma 

threonine increased between days O to 4, and then remained reiatively s i m k  between 

days 4 and 8 at approximately 572 umoVL (SD 33). 

During days 1 to 8, plasma threonine concentrations between the adequate and 

defkient groups were not simiificantiy difFerent fiom each other but were both 

signiscantly lower than the threonine supplemented group. 



Mean Daily Plasma THR 

-ADEQUATE + DEFlClENT +SUPPLEMENTED 
lHR THR THR 

Figure 5.3.3.1 Mean daily plasma threonine (Tm) concentration 
in piglets fed different levels of Tm. Values are means r SEM. 
Letters denote significant differences between THR treatrnent 
groups, P 4 0.05. 



5.3 -4 PLASMA UREA 

Plasma urea leveIs at the beginning of the study were not diffierent at 1.26, 2 -51, and 

1.36 mM respectively, for treatment groups receiving deficient (0. l g/kg/d), adequate (0.6 

g/kg/d), and supplemented (0.1 + 0.5 Lv. g/kg/d) amounts of THR (Fig. 5.3.4.1). By day 

2, the piasma urea levels in piglets receivùig deficient THR had risen signiscantly to 8.40 

mM @ c 0.05), compared to the levels in the THR-adequate and THR-supplemented 

groups which were 1 -83 and 1.97 mM respectively. Between day 2 and the end of the 

study, plasma urea in the THR-deficient group remained relatively constant, with a mean 

of 7-89 mM (SD 2.2). During this same period, plasma urea also remaineci constant in the 

other two treatrnent groups, with means of 1 -98 (SD 1.2) and 2.53 mM (SD 1.1) 

respectively, for tbe THR-adequate and -suppleniented groups. Although the plasma urea 

levels did not m e r  signincantly between these two groups, each was signiscantly lower 

than the TER-deficient group @<0.05). 



Mean Daiiy Plasma Urea 

+ADEQUATE -+- DEFICIENT -O-SUPPLEMENTED 
THR THR THR 

Figure 5.3.4.1 Mean daily plasma urea concentration in piglets 
fed ditferent levels of threonine (THR). Values are means _t SEM. 
Letters denote significant differences betwen THR treatrnent 
groups, P < 0.05. 



5.3.5 INCLDENCE OF DIARRHEA 

A total of 6 piglets in the THR-deficient group exhibited dianrhea on 35 out o f  a 

possible 60 pig days, with an average severity of 2.82 over the diarrhea days (Table 

5.3.5.1). Mean ddy scores for all pigs in this treatment group over the entire study 

period was 1.6. Severe diarrhea was observed by the 4th day of the study and the change 

to severe diarrhea was abrupt. 

In the THR-adequate group, only 1 piglet exhr'bited diarrhea over a total of 2 days, 

with an average severïty of 1.5 and an overall mean M y  score of 0.05 for alI piglets 

within the treatment group. 

In the Tm-supplemented group, 2 piglets were observed to have slight and moderate 

diarrhea, over 2 and 7 days, respectively. The average severity of diarrhez over the 9 

diarrhea days was 1.3, and the mean daily score for all piglets within the treatment group 

was 0.2. 

Although 2 piglets in the Tm-deficient group died prematurely on the final day of the 

study, it is unlikely that the cause of the diarrhea was bacterial in nature. Growth 

(measured as d d y  weight increase) was similar to piglets not showing evidence of 

diarrhea. Post mortem evaluation by a veterinary pathoiogist reveded no evidence of 

clinical intestinal disease. The cause of diarrhea in the pigiets was likeIy due to threonine 

deficiency as severe diarrhea was observed or@ in the THR-deficient group and came 

about suddenly. 



Table 5.3.5.1 Incidence of Diarrhea 

Treatment n Mean D d y  # Pigs w/ # Diarrhea Avg. 
score' Diarrhea Days ~everi$ 
(0-3 1 (0-3) 

Deficient 6 1.63" 6 35 2-82" 
Adequate 6 0 . 0 5 ~  1 2 1 .50b 
Supplemented 6 0 . 2 ~  2 9 2.21 

SDpid 0.83 0.83 

I Mean Daily Score: average of the sum of claily scores / # days of study 
2 Average Severity: average daily score on days where diarrhea was present " denote simiiflcance by LSD multiple cornparison test wO.05) 

5.3.6 TISSUE WEIGHTS 

The data for gut length, gut weight, and mucosal weight are descnid in Table 5.3.6.1 

and Table 5.3.6.2. In the duodenum, dl parameters measured were not significantly 

Merent arnong the Herent treatment groups, except for mucosal weight. The wet 

mucosal weight in the threonine-adequate group was 1.1 g and signiscantly higher than in 

the deficient group (0.63 g) @<O.OS). The wet mucosal weight of the supplemented 

group was not different nom either of the other groups (0.9 1 g) (pO.05). 

In the proximid jejunum, the mucosal weights were also significantly different 

o . 0 5 )  among treatment groups, again with the adequate group containing the highest 

value? the deficient group containhg the Iowest, and the supplemented group m between 

the other two groups. Also in the proximal jejunum, the length of the jejunum itselç 

when normalized by the final weight of the piglet, was found to be different between 

treatment groups, in the same pattern of signiscance as with the mucosal weight 



In the mid and distai jejunum, wet tissue weight was significantly greater in the 

deficient group than in the supplemented group while the wet tissue weight in the 

adequate group was intermediate in value and not different fiom either of the other two 

groups. Also in the mid and distal jejunum, the wet tissue weight, when normalized 

against final body weight, was sigoificantly greater in the deficient group than in the other 

groups which were not ditferent fiom one another. In the distal jejunum alow the weight 

of the luminal contents were highest in the adequate group and Iowest in the deficient 

group while the supplemented group was intermediate and not different fiom the others. 

In the ileum, there were no s i w c a n t  differences found among any of the treatment 

groups in the parameters measured. 



Ta bIe 5.3.6.1 Sm& Intestinal Parameters 

Treatment 
Section Parameter Adeauate Deficient Suv~lemented SDmid 
Duodenum length (cm) 12.1 10.6 

~ength/n~al wt.' (crnkg) 4.4 3.7 
luminal W. (g) 0.70 0.73 
lriminsl wt./length (&cm) 0.06 0.07 
mucosal wt. (g) 1.1' 0 . 6 3 ~  
mucosai wt.Aength (g/cm) O. O9 O. 06 
muscularis wt. (g) 0.96 1.00 
muscularis wt.Aength &/cm) 0.08 0.09 

Proximal 
Jejunum 

Mid 
Jejunum 

Distal 
Jejunum 

Ileum 

length (cm) 191.0 
length/nnal W.' ( M g )  69.6" 
liuninal wt. (g) 9.2 
luminal wt.Aength (&cm) 0.05 
mucod wt. (g) 19.4" 
mucosal wt. Aength (gkm) O. 10 
muscuiaris wt. (g) 12.4 
muscularis wt. Aength (g/crn) 0-07 

length (cm) 174.7 
lensth/final W.' (cmkg) 63 -3 
Iriminnl wt. (g) 6.6 
Iiiminal wt.Aength (g/cm) 0.04 
mucosal wt. (g) 18.6 
mucosai wt. Aength (&cm) 0.1 1 
muscuiaris W. (g) 1 1 .oab 
muscularis wt.Aength (&cm) 0.06~ 

length (cm) 
lengîh/final wt. (cmkg) 
luminal W. (g) 
luminai wt.Aength (@cm) 
mucosai wt. (g) 
mucosal wt.Aength (@cm) 
muscdaris wt, (g) 
muscularis wt./length (g/cm) 

le@ (cm) 58.1 55.0 
length/finai W.' (cdkg) 21.1 19.3 
hlmid wt. (g) 1.3 0.48 
luniinai wt.Aength (g/cm) 0.02 0.0 1 
mucosai wt. (g) 6.4 4.9 



mucosd wt.Aength (g/cm) 0.1 1 0.10 0.11 0.03 
muscdaris wt- (g) 5-2 5.6 4.8 1 .O 
muscdaris wt./length (gkm) 0.10 O. 10 0.9 0.02 

Total S d  Intesthe Iength (cm) 583 552 539 71 
Total Small Intestine lengthl 21 1 194 215 21 

final W.' ~crn/kg ) 

b" denotes significance at p c 0.05 by LSD multiple cornparison test 
co in al weight of piglet 

Table 5.3.6.2 Large= Intestinal Parameters 

Treatment 
Section Parameter Adeauate Deficient Supphented SD-le* 
Proximal length (cm) 57.0 
Colon 1engWSh.l wt .* (cmkg) 20 .gab 

illmhaI m. (g)  7.4" 
lumuial wt.Aength (gkm) 0.1 3. 
mucosal wt. (g) 3 -6" 
muco-4 wt. Aength (gkm) O. OOa 
muscil8aris wt. (g) 1 1.6" 
rnuscukis wî.Aength (gkm) 0.21 

Distal Iength <cm) 63.1 
Colon length/nnal M.* (cmlkg) 23. lab 

lumina7 wt. (g) 6.6" 
luminal wt.Aength (g/cm) O. 1 Oa 
mucosal W. (g) 3 ,8a 
mucosal wt.llength (g/cm) 0.06. 
m u s c m  wt. (g) 9.1 
musculmis wt./Iength @/cm) O. 14 

Total Large Intesthe 1ength (cm) 120.1 
Total Large Intestine 1eng-W 44.0ab 

final W.* ~ c s n / k ~  ) 

'* b" denotes signiscance at p < 0.05 by LSD multiple cornparison test 
'~d weight of piglet 



In the large intestine, separated into the proximal and distal colon, pigiets in the 

adequate and supplemented group exhi'b'ited signjficantly greater weight of luminal 

contents, luminal contedength of section sampfed, mucosal weight and mucosal 

weight/length of section sampled. In each case, the vdues fiom pigIets in the 

supplemented group were not different nom those fkom the adequate group. In addition, 

the length of the proximal colon when wnnalized agahst final weight was gre'atest in the 

supplemented group, Iowest in the deficient group and intermediate in the adequate 

group. The wet tissue weight in the proximal colon was bighest in the adequate group 

and lowest in the deficient group with the supplemented group in between and not 

different fkom the others. 

The general trend fiom the gros parameters measured showed bigher values in the 

adequate and supplemented group compared to the deficient group, although many of 

these differences were not found to be significant. 

5.3.7 HISTOCHEMISTRY 

5.3.7.1 NUMBER OF GOBLET CELLS BY STAINING METHOD 

5.3.7.1.1 STAINZNG BY PAS/ALCIAN BLUE at pH 2.5 

In almost all sections of the gut under al1 treatments, stained goblet cells were 

predominanîiy purple, indicating a homogeneous mixture of both ne- and acidic 

mucins. The exception was the colon of the THR-deficient group, in which stained ce& 

were -y dark blue in colour, indicating acidic mucins. There was also a greater 

abundance of blue-stained goblet ce& in the cobn than in any of the srnail intestinal 



sections. 

In the duodenüm, there was little staùiing on d a c e  areas in all three treatment 

groups. A significantly ( p 4 . 0 5 )  greater number of mucin-containing goblet cek were 

seen m the duodenurn of the THR-adequate group (1 8.8) than m both the THR-deficient 

(1 5.2) and THR-supplemented (14.9) groups (Table 5.3.7.1, Fig. 5.3.7.1 A, B, C). 

Furthermore, these c e k  were predominantly stained red (neutrai mucins) and purple 

(mixed neutral and acidic mucins) in the zones of proliferation and cell transit. There was 

limited staùimg of blue (acidic mucins) and these were located within the deep crypts. 

Table 53.7.1 Goblet Cell Sumrnary: PAS/AB 2.5 

PAS/AB 2.5 
Tissue Treatment Total Ceils RFt P DB R/P R/B 
Duodenum Adequate 18.8. 

Deficient 1 5 .2b 
Supplem. 14.9~ 

SD,ied 2.7 

Mid Adequate 16.7 
Jejunum Defichnt 1 5.9 

Supplem 20.8 
SDpkd 5.5 

IIeum Adequate 20.9 
Deficient 22.6 
Supplem. 27.5 

SDPl=d 5-9 

Proximal Adequate 30.0 
Colon Deficient 33.1 

Supplem. 22.9 
SDWled 8.3 1.6 7.2 3.4 2.6 1.6 

b*c denotes coliimnwise sigdicance at p < 0.05 by LSD multiple cornparison test 
RR-bright rose red (PAS staining of neutral mucins) 
P-purple (homogeneous madure of acidic and neutral mucins) 
DB-deep blue (Alcian blue staioiag of acidic mutins) 
WP-red staining with discrete areas of purple (dual staining) 
WB-red stainiag with discrete areas of blue (dual stainmg) 



Figure 5.3.7.1 Light micrographs of duodenal mucosa in piglets fed threonine 
(THR). A: THR-adequate diet, fed intragastricaily (IG). B: THR-deficient diet, 
fed IG. C: THR-supplemented diet, fed a deficient THR diet IG with THR 
supplementation given intravenousiy (IV). Stains are hernato* and eosm (A- 
C), goblet ceIl periodic acid-Schin(PAS) stainlig of neutral mucins red/pink and 
goblet ceii Alcian Blue (AB, pH 2.5) stainmg of acidic rnucins blue (A-C). 
Goblet ce& in A are more numerous and larger than in both B and C. Neutral 
and mixeci neutdacidic mucins (purpie) predomimte in the mid-viüus whüe 
acidic mucias predombte m the deep crypts. Scale bar in C = 100 pn (A-C). 





In the mid-jejunum and ileum, the THR-deficient group showed the fewest number 

(1 5.9) and the THR-supplemented group showed the greatest number (20.8) of mucin- 

containing goblet cek although these Merences were not found to be signïficantly 

daerent. A similar pattern of colouration was observed in the jejunum and ileum as in the 

duodenum. 

In the proximal colon, cek of the THR-deficient pigs contained the greatest number of 

total stained ceils (33.1) (Pig. 53.7.2 B) and the c e k  of the THE&supplemented pigs 

contained the 1east number of stamed ce& (22.9) (Fig. 5.3.7.2 C), aïthough the 

ciifErences between the groups were not found to be statïstcally different. Red and pink 

staining cells were more numerous in THR-adequate pigs (Fig. 5.3.7.2 A). In contrast to 

the sections of the small intestine and to the other areas of the colonic villus, the deep 

crypts of the colon exhi'bited a greater arnount of blue-staining goblet cells (indicating 

acidic mucins) than red staining goblet ceils (indicating neutral mucins). As mentioned 

above, these blue-staining ce& were found to be more prominant in number than the 

purple-staining cells that d o h t e d  in all other sections of the colon (surfàce, upper 

crypt, mid crypt) and srnall intestine (villus, crypt). 



Figure 5.3.7.2 Light micrographs of proximal colonic mucosa in piglets fed 
threonhe (THR.). A: THR-adequate diet, fed mtragastricaily (IG). B: THR- 
deficient diet, fed IG. C: THR-supplemented diet, fed a deficient THR diet IG 
with THR supplernentation given intravemusly (IV). Stains are hernato~iin and 
eosin (A-C), goblet cell periodic acid-Schiff(PAS) staining of neutral mutins 
recUpink and goblet ceil Alcian Blue (AB, pH 2.5) staining of acidic rnucins bhie 
(A-C). Staining intensity m A is greater than in both B and C .  Neutra1 and mixed 
neutrai/acidic muciils (purple) predomiaate in the mid-villus whüe acidic mucins 
predominate in the deep crypts. Acidic mucins are more numerous in B than in 
A Scale bar in C = 1 O0 pn (A-C). 





5.3.7.1.2 STAINING BY ALCIAN BLUE at pH 1.0 

Treatment by Alcian Blue staining at pH 1 .O, sulphated acidic mucins were blue in 

colour. In the duodenm of the TIHR-deficient group, the rnost stnking observation was 

the paucity of mucin-producing goblet cells (7.1) (Table 5.3.7.2, (Fig. 5.3.7.3 B). In the 

THR-adequate group, more than twice as many @<0.05) mucin-producing ce& could be 

seen (16.3), with the cells of the viUus-crypt junction more deeply stained than in the 

crypt (Fig. 53-73 A). This indicates a greater amount of mucin in the cells of this latter 

region. This distn'bution of staining was opposite to that achieved wben gut sections 

were treated by Alcian Blue at pH 2.5 (stainhg for sialyiated mucins) and is in agreement 

with other investigators' results pertaining to the gut in pigs (Chapter 2). In the 

duodenurn of THR-supplemented pigIets, a numericdy greater number of mucin- 

producing celis were seen (13.5) than in the TMR-deficient group (7.1) but less than that 

found in the THR-adequate group (16.3) (Fig. 53.7.3 C). The number of goblet cells m 

this treatrnent group did not ciiffer signjficantly nom either of the other two groups. 

In the mid jejunum &d ileum, the same trends were observed as seen in the duodenum 

although the Merences between treatment groups were not found to be significant. 

In the proximal colon, The number of mucin-producing goblet ce& were found to be 

similar between the THR-adequate and THR-deficient groups (23.8, 23.7 respectively) 

(Fig. 5.3.7.4 A, B). The number of such ceh m the THR-supplemented group was 

slightiy greater (28.9) but not found to be Werent thm either of the othe~ groups (Fig. 

5.3.7.3 C). Also, stained cells were seen to be located m the deep and mid crypts in the 

TMR-deficient group while stained cells in THR-adequate and THR-supplemented groups 



were seen throughout the length of the villi, 

Table 5.3.7.2 Goblet Cell Sumrnary: AB 2.5 and AB 1-0 

Total Cek 
Tissue Treatment AE3 2.5 AB 1.0 
Duodenum Adequate 1 7.6' 16.3" 

Deficient 5.5' 7.1b 
Supplem. 12.6~ 13.5"~ 

SDpied 4.4 4.4 

Mid Adequate 9.1 7.6 
Jejunum Deficient 7 6 

Supplem, 8.7 7.5 
S b l e d  1-7 2.7 

Ileum Adequate 3 0. la 24.6a 
Deficient 13.9~ 1 3 . 3 ~  
Supplem 19.gab 20. 7ab 

SQOOI~ 7.8 6.5 

Proximal Adequate 30 23.8 
Colon Deficient 29.9 23.7 

Supplem 24.9 28.9 
SDpoo1ed 6-9 6.8 

a, bwc denote s ig-came at p c 0.05 by LSD multiple cornparison test 



Figure 5.3.7.3 Light micrographs of  duodenal mucosa in piglets fed threonine 
(THR.). A: THR-adequate diet, fed intragastrically (IG). B: THRacient  diet, 
fkd IG. C: THR-supplemented diet, fed a deficient THE2 diet IG with THR 
supplementation given intravenously 0. Stains are hematoxylin and eosin (A- 
C), and goblet ceil Aician Blue (AB, pH 1.0) stiaining of sialylated acidic mucins 
biue (A-C). Goblet cells in A are more numermus and larger than in B while 
goblet ce& in C are as large but w t  as numero-us as in A. Villi in B are less weii 
fomed and exhiiit lower surface area than in A. Scale bar in C = 100 pm (A-C). 





Figure 5.3.7.4 Light micrographs of  proximal colonic mucosa in piglets fed 
threonine (îï3R). A: THR-adequate diet, fed intragastricdly (IG). B: THR- 
deficient diet, fed IG. C: THR-supplemented diet, fed a deficient THR diet IG 
with THR supplementation given intravenousiy 0. Stains are hematoxyh and 
=sin (A-C), and goblet cell Alcian Blue (AB, pH 1 .O) staining of sialylated acidic 
mucÏns blue (A-C). Goblet cells are equally numerous in al1 three groups and 
staining intensity is greatest in B. Sialyiated mucins predominate in the crypt and 
mid vilus in B while locathg dong the entire length of the Viuus in A and C. 
Sade bar in C = 1 O0 p (A-C). 





5.3.7.1.3 STAINMG BY ALCIAN BLUE AT pH 2.5 

In the duodenum of the THR-deficient group, a paucity of mucin-producing gobIet 

cells were observed (5.5) (Table 5.3.7.2). In the THR-adequate group, there was 

significantly (p4.05) more sialyIated m u c h  (17.6). The number of goblet ce& seen in 

the THR-supplemented group (1 2-6) was also signïficantly different ( ~ 4 . 0 5 )  fiom both 

of the other two groups. In ail groups, the pattern of staining was similar, with a decrease 

in stainllig intensity fiom deep crypt to villus tip. 

In the mid jewum and ileum, the same trends were seen as in the duodenum, with the 

THR-adequate containing the greatest number of much-produchg cells, the THR- 

deficient group the least, and the THR-supplemented group containing an mtermediate 

number. The dofierences between the groups were not significant however. 

In the colon of the Tm-deficient group, the stained ce& were clustered in the deep 

crypts and in the zone of proliferation while the cek  of the THR-adequate and THR- 

supplemented groups were distri'buted dong the entire length of the villus. Additionally, 

the ceils in the THR-adequate group were observed to be greater in size than the cells 

fiom the THR-deficient and THR-supplemented groups. Goblet ceil number were similar 

between the THR-adequate and THR-deficient groups (30 and 29.9 respectively), while 

there was a non-signXcantIy smaller number found in the THR-supplemented group 

(24.9). 

5.3.7.2 STAINING INTENSITY 

The staming intennty of goblet cek was found to be signiscantly greater in the ileum 



and proxhd colon of the THR-supplemented group under staining by AB 1 .O. (Table 

5-3.7.3). In the rnid jejunum, the stauiing intensity followed the sarne trends aithough not 

signjfïcantly. Regionally, the staining intensity was found to be greater in the crypt than in 

the villus for THR-adequate and THR-deficient groups. The one exception was the 

duodenum of the THR-adequate group. For a l l  sections of the small intestine, vülus and 

crypt ïntensities in the THR-deficient group were similar. In the proximal colon, staining 

mtensity was greater in the lower crypt than in the upper crypt or surface. 

In the duodenum, mid jejunum and ileum, the staining intens* by AB 2.5 was 

significantly lower in the THR-deficient group than in the THR-adequate and THR- 

supplemented groups, which were not different fiom one another (Table 5.3.7.3). In the 

coIon, staining intensity was si@cantly greater in the THR.-deficient group than in the 

THR-supplemented group, with the THR-adequate group not Merent fiom either of the 

other two groups. Regiody, staining mtensity in the small intestine was again greater in 

the crypt than in the d u s  (including the duodenum of the THR-adequate group), and 

mtensities were again found to be equal between villus and crypt in THR-deficient groups. 

StaHiing intensity of the prolrimal colon was also found to be greatest in the lower crypt. 

In gobiet cells stamed by PAS/AB 2.5, the staining intensity in the duodenum, mid 

jejunum and proximal colon was Iower in the THR-deficient group than the other two 

treatment groups although significance was only found m the mid jejunum Regionally, 

al1 sections of the small intestine under alI treatment groups were found to be htensely 

stained red (neutrai mucins) and purple (mixed mucins). The intense of blue stained 

(acidic mucins) ceUs was equal among treatment groups in the ileum, and lower in the 



THR-deficient group in the duodenuni and rnid jejunum- In the proximal coIon, the 

intensity of staining of neutral, acidic and mixed mucins were e q d y  high in the THR- 

adequate group. In the TWR-supplemented group, staining intensities were lower but 

equal among neutral, acidic and mixed much. In the THR-deficient group, staiuing 

mtensity was found to be stili lower, with mixed mucins staining less intenseiy than neutml 

and acidic mucins. Comparing between treatrnent groups, staining htensities were found 

to be lower in the THR-deficient group than in either of the other two treament groups 

for all types of mucins (neutral, acidic, mixed neutml and acidic). 

Table 53.7.3 Avewe Staining Intensitv 

Tissue Treatment n A B  1 -0 n AB 2.5 n PAS/AB 2.5 
DuodenumAdequate 6 1.5 7 2.0' 5 3 -0 

Deficient 3 1.7 4 1.0~ 3 2.7 
Supplem. 6 2.2 6 2.0" 5 2-6 

SDptmied 1.3 0.9 1.3 

Mid Adequate 7 1.2 7 1.3" 6 2.7"Y 
Jejunum Deficient 5 1.0 5 1.0~ 5 2.3Y 

Supplem. 5 1.3 6 1.3' 4 3 -Ox 
S D p i e d  0.70 0.4 1.3 

Ileum Adequate 3 1.2~ 6 1.8" 4 3 .O 
Deficient 5 1.0~ 5 1 . 0 ~  5 3 -0 
Supplem. 6 1.5' 7 1.6' 5 3 .O 

SDPid 0.3 0-5 O 

Proxixnal Adequate 6 1.2~ 6 1.8'~ 4 3 .O 
Colon Deficient 5 lSb 4 2.2' 5 2.3 

Supplem. 5 2.3a 6 1 . 6 ~  7 2.7 
SDpoolcd 1.2 1.2 1.5 

' " denotes signifïcance at p < 0.05 by Tukey's dtip1e cornparison test 
'* ' denotes signincance at p c 0.05 by LSD multiple cornparison test 



5-3.7.3 AVERAGE STADJTNG INTENSITY AND NUMBER OF GOBLET CELLS 

As an additionai means of understanding the effects of treatment on mucin production, 

the product of stiiining mtensity and the number of goblet celis obsemed was calculated to 

give an esthate of total rnucin content. niese results are presented in Table 5.3.7.4. In 

goblet cek  staîned by AB 1 .O, this product was lowest in the THR-deficient group than in 

the other groups, although the Merences were not signincant. In the p r o d  colon, the 

THR-supplemented group was fomd to have signiscantly greater mucin content than the 

other two groups. 

Table 5.3.7.4 Average Staining Intensity x #Goblet Cells 

Tissue Treatment AB 1 -0 AB 2.5 PAS/AB 2.5 
Duodenum Adequate 

Deficient 
S upp1em 

SDpool cd 

Mid Adequate 
Jejunum Deficient 

Supplem- 
SDpooled 

Ileum Adequate 
D eficient 
Supplem, 

SDpoolcd 

Proximal Adequate 
Colon Deficient 

Supplem. 
- S&olcd 

bL denotes signiscance at p < 0.05 by LSD multiple cornparison test 
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In ce& stained by AB 2-5, the sections of the small intestine showed the same trends 

as staining by AB 1 .O. The duodenum and ileum of the THR-adequate group was found 

to be signiscantly greater than the deficient group, with the supplemented group 

intemediate and not dHerent fkom the other two groups. In the proxïxnai colon, the 

product of staining intensity and number of goblet cek  was highest in the THX-deficient 

group, although the Herences between the three treatment groups were not signif4:cant. 

In c e k  stained by PASIAB 2.5, the mid jejmum, ileum, and proximal colon ail showed 

a greater estimate of much content in the THR-adequate and THR-supplemented groups 

than in the THR-deficient group, although none were found to be significantly different. 

In the duodenum, all three groups were found to be almost equal to one another. 

5.3.7.4 VILLUS MORPHOLOGY-PASIAB2-5 

In the small intestine, vilius height was found to be lower in the THR-deficient group 

than in the THR-adequate and THR-supplernented groups. In the mid jejunum and ileum, 

these clifferences were simiificant (Table 5.3.7.5). Measurements of crypt depth yieIded 

similar trends without sigdicant differences. Consequently, the height/depth ratio 

calculations yielded the same pattern of signüïcance. 

The cross sectional area a. the villus-crypt Metion was found to be greatest in the THR- 

deficient group of both the duodenum and ileum and intermediate in the mid jejunum, 

where these Werences were not found to be siflcant. When the total number of 

goblet cek per cross sectional area was calculated, the THR-deficient group was again 

found to be lower than the other two treatment groups, although not signifkmtly. 

Villus surfàce area (estimated as a cylinder with a diameter equahg the villus width at 



mid villus height) was s idar  in trend, with the THR-deficient group lower than the other 

two treatment groups. Again, the differences were not found to be sigdicant. 

Villus znorphology in cells stained by AB 1 .O and AB 2.5 yielded simiiar observations 

(Table 5.3.7.6 and Table 5.3.7.7, respectively). 

Table 5.3.7.5 Vius mor~hoIow-PAS/AB2.5 

Tissue Treatment ~ e i ~ h t '  ~ e ~ t h '  H/D VCA~ Tt1 Goblet villus4 
(-1 (l.4 (d) C e W r C A  S. Area 

~ m m ~  (XI os 
Duodenum Adequate 307 

Deficient 3 O4 
Supplem. 320 

S D ~ I ~  4.6 

Mid Adequate 560" 
Jejunurn Deficient 3 7Y 

Supplem. 403" 
SDpooled 11.34 

Ileum Adequate 41gW 
Deficient 334' 
Supplem. 516X 

SDpoolcd 9-4 

Proximal Adequate N/A 
Colon Deficient N/A 

Supplem N/A 
SDm1ed 

285 N'A NIA 
251 N/A N/A 
294 N/A N/A 
50 

'H= villus height 
2 D= crypt depth 
3 VCA= viUus/crypt cross sectional area at vb 
v+ villus width at villus base (villus-crypt junction) 
4~i l lus  S d c e  A . =  villus d c e  area at mh 
mh= vilIus width at mid VIuus height 

denotes significance at p < 0.05 by Tukey's multiple comparison test 
' denotes signiscance at p -= 0.05 by LSD multiple comparison test 



Table 5.3.7.6 VUUS rnomhologv-rn 1 .O 

Tissue Treatment H/D VCA Tt1 Goblet Villus 
(um) (un2) C e W C A  S. Area 

~xnml (XI os ~ m j  
Duodenum Adequate 2.32 7982 2036a 1.41" 

Deficient 1.67 9292 75gb 1 .Oob 

Mid 
Jejuum 

Ileum 

Proximal 
Colon 

Supplem. 
SDpwled 

Adequate 
Deficient 
Supplem. 

SD,led 

Adequate 
Deficient 
Supplea 

SDp~cd 

Adequate 
Deficient 
Supplea 

1.84 
0.3 

3.40 
2.27 
2.2 1 
0.60 

2.46 
2.56 
2.3 8 
1-40 

NIA 
NIA 
NIA 

8325 
1 3 3  

5581 
6096 
7933 
la70 

10571 
10621 
7675 
1433 

NJA 
NIA 
NJA 

1 628ab 
543 

1369 
988 
947 
469 

2323ab 
1252~ 
2693" 

760 

N/A 
NIA 
NIA 

L .04~  
0.20 

1 S 8  
1.11 
1.33 
0.36 

1.67 
1.37 
1.47 
0.20 

NIA 
NIA 
N/A 

a, b" denotes simiificance at p < 0.05 by LSD multiple cornparison test 



Table 5.3.7.7 V 3 . b  momhologv-AB2.5 

Tissue Treatment WD VCA Tt1 Goblet Villus 
(um) (urn2) CeWCA S. Area 

(mm) (XI os m) 
Duodenum Adequate 1.61 7982 2208" 1.30" 

Deficient 1.47 9292 594b 0.99~ 
Supplem. 1.83 8325 1510ab 0.99~ 
SD,M 0.3 1253 533 0.40 

Mid Adequate 3.04 5581 1638' 1 -46 
Jejunum Deficient 2.20 6096 1146~ 1-10 

Supplem. 3.39 7933 1093~ 1.57 
SD,id 0.60 1070 300 0.23 

Ileum Adequate 2.36 10571 2850. 1.68 
Deficient 2.05 10621 1312~ 1.32 
Supplexn 3.41 7675 2587ab 1.47 
SD,id 1.40 1433 763 0-32 

P r o d  Adequate N/A N/A N/A N/A 
Colon Deficient N/A N/A N/A N/A 

Supplem. NIA NIA N/A N/A 

% b*c denotes simiificance at p < 0.05 by LSD multiple cornparison test 

5.3.8 CARBOHYDRATE A W Y S I S  FOR MUCIN QUANTITATION 

The amount of total mucin measured is expressed as per g of dry mucosa, per section, 

and as per length of  gut section The amount of mucin quantitated has been m e r  

subdivided into native (undigested by enzymes) mucin and pronase-digested mucin. The 

results are sumrnarized in Ta bie 5.3.8.1. 



Table 5.3.8.1 Number o f  Native and Pronase-digested Mucins of the Gut 

Tissue Treatment Tt1 Dry g Mucin/ ug Mucid Length ug M u c S  
Mucosa g Mucosa Section (cm) cmmt - 

(g) Native Pronase Native Pronase Native Pronase 

Duoden- Adequate 0.1 3 

Mid 

Jejunum 

Ileum 

Proximal 

Colon 

Deficient 0.08 

Supplem 0.09 
SDpied 0.05 

Adequate 3 .O6 

Deficient 2.28 

Supplem. 2.65 

SDpid 0.70 

Adequate 0.96 

Deficient 0.72 

Supplem. 1.00 

SDwied 0.29 

Adequate 0.48' 

Deficient 0.1 gb 

Supplem. 0.3 1 ab 

- S D P i e d D  

"b denote simiificance at p < 0.05 by LSD multiple cornparison test. 

In the duodenum and mid jejunuxn, the amount of mucidg mucosa was found to be 

much higher in the adequate group than in the deficient group, ahhough the merence 



was not found to be signiscant due to the high variability among piglets sampIed. The 

amount of mucin found in piglets of the supplemented group were more similat to that 

found in the adequate group than the deficient group. This trend was found to be similar 

for both native mucin and pronase-digested much 

In the ileum and proximal colon, the amount of native and pronase-digested much in 

the deficient group was also the Iowest of the three groups but in these sections, the 

supplemented group contaiued the greatest amount of mucin. Among the difEerent 

sections of gut sampled, the greatest amount of much was found in the proximal colon, 

roughly twice as much as in the duodenum and mid jejunum and more than three t k e s  as 

much as in the ileum 

The amount of mucidgut section and the amount of mucin/crn gut section showed the 

same trends as with the amount of muci./ g mucosa except that in the p r o d  colon, the 

Merences were found to be statistically signincant. Both native and pronase-digested 

mucin was significantly higher in the adequate and supplemented groups than in the 

deficient groups which were not different fkom each other. In the proxjmal colon, the 

amount of mucin in the adequate group was higher than in the supplemented group. 



5-4 DISCUSSION 

5.4.1 GROWTH OF PIGLETS 

The growth of the piglets in the adequate group, measured by weight gain over the 

course of the study were not different fkom those piglets in the supplemented group. In 

fact. weight gain of piglets in the deficient group were &O not different fkom the other 

two groups. This is most likely due to the diet king given intragastrically and not given 

ad Ii'bihun, Although body composition was not analyzed, it is probable that the gain in 

mass in the deficient piglets was due to greater fat deposition (i-e. less protein deposition) 

than in the other piglets. A h ,  the short time period of 8 days may not be adequate to 

show clifferences in growth rates in a small number of pigs, 

5.4.2 NITROGEN BALANCE 

Nitrogen intake, output, balance and retention values observed in the threonine- 

adequate and supphented groups of the current study are in agreement with data 

obtained in simiiar studies by Chen (1 997) (see also chapter 4). In the deficient group 

however, nitrogen output was twice as high as in the other groups, wbiIe nitrogen intake 

was the same. Consequently, nitrogen balance was lower, as was nitrogen retention for 

protein synthesis- onIy 70% compared to 84% m the other two groups. The lower 

nitrogen retention suggests that the amino acid pattern of the diet given to the deficient 

group was inferior to that of the other two groups in promotmg protein synthesis. This is 

what we would expect to k d  because that diet is deficient in threonine. The nitrogen 

baiance data support the piasma urea data in this respect. This aIso suggests that the 



weight deposited in the piglets was not protein and therefore was probably fat. 

5.4.3 PLASMA THREONINE 

Although initial plasma threonine concentrations were snnilar at the onset of the 

experiment, pnor to the introduction of test diets, they dropped h o s t  immediately in 

bo th the adequate and deficient group while increasing in the supplemented group. While 

the total arnount of threonine &en to the piglets in the adequate and supplemeritd 

groups were the same, the dinerent routes of administration were reffected in the final 

pbslna concentration As such, the Iower plarma concentration of threonine m the piglets 

of the adequate group suggests that a large amount of oralEy administered threonine is 

retained or catabolized by the gut, in agreement with StoU et. al (1 998). The high plasma 

concentration in threonine supplemented piglets also suggest that threonine administered 

intravenously may not be as avaïlable to the gut for protem synthesis. 

5.4.4 PLASMA UREA 

Plasma urea concentrations may be used as an indicator of whole-body net protein 

synthesis. In piglets, amino acids present in relative excess are not able to be utilized for 

protein synthesis. Instead, they are broken down to yield ammonium ions whkh are then 

converted into urea and excreted. Plasma urea leveis in the the adequate and 

supplemented groups remained steady and smiilar to each another during the study, 

suggesting that threonine supplied mtravenously is capable of mRintaining whole body 

protein synthesis. The plasma urea levels are similar to those found by Chen (1 997) (see 



also chapter 4) in similar studies. The high plasma concentration of urea m the threonine- 

deficient group suggests that threonine is the limitiing fàctor in whole body protein 

synthesis in these piglets and the other amino acids, supplied in adequate amounts, are 

catabolized. This is consistent with data O btained fkom the previous experhent (Chapter 

4) using the indicator amino acid oxidation technique, 

5.4.5 DIARRHEA 

A possible cause of the observed dianrhea may be bacterial or viral infection. Bacterid 

infections produce toxins which elicit their eEects by binding to receptors on the intestinal 

brush border membrane, resulting in fluid secretion into the intestinal lumen, granulocyte 

infiltration, epitheiial celI necrosis, ulceration and hemorrhagic edema (Lylerly et aL 

1988). The action of these tolcins are normally inhiiited by the barrier h c t i o n  of the 

mucus gel layer and alterations in its structure may inhi'bit i ts effectiveness as a barrier. 

The lack of mucin may r e d t  in massive water loss, For example, the Vibrio cholerae 

toxin must attach Ïtself to the villus surfàce in order to produce diarrhea. In order to do 

this, the pathogen must penetrate the mucus gel layer overtying the sIiîall intestinal 

mucosa (Schrank and Verwey 1976). In piglets where threonine mtake is inadequate, the 

mucus layer is deficient Hi mucin proteins, redting in a mucus gel that is lacking in 

carbohydate sidechains which would n o d y  hinder the passage of t o d .  The cholera 

toxh may then be able to penetrate the mucus M e r  and elicit fluid secretion by 

stimulating adenylate cyclase. In rat intestinal slices incubated with crude or purined 

cholera toxin, both the secretion of preformed mucin and the synthesis of new mucm are 



increased (Forstner et al. 1981). However, ifthreonine is deficient, mucins produced 

rnay not be able to perform its barrier function as weli. The effect of massive fluid 

secretion coupled with mucus discharge would presumably to sweep away the adherent 

viirios and toxins. An additional protective effect of mucin may relate to its ability to 

bind to toxins. It has k e n  reported that pig gastric mucin when premixed with cholera 

toxh prior to instillation inlo rat smaU intestine, inhiiited cholera-associated secretion 

The bmding of the cholera toxh to muci. was not mediated by thearbohydrate portion 

of the mucin but by a protein-protein interaction (Strombeck and Harrold 1974). 

However, pst morterns conducted in threonine deficient piglets found no evidence of 

bacterial Znfection and concluded that the deaths were due to heart failure. The diarrhea 

was causing dehydration, probably resulting in changes in electrolyte balance and plasma 

osmoiarity. Diarrhea may have led to a state of hypokalemia (decreased body potassium), 

in turn leadmg to cardiac arrhythmia and acute heart Mure. Therefore, the diarrhea 

observed in the threonine-deficient pigs may be interpreted to be a result of the the effect 

of the deficient treatment on mucin content in the gut. 

5.4.6 TISSUE WEIGHTS 

In almost ali of the parameters measured, the wet lengths, weights and weightllength 

were all lower m the deficient group than in the adequate and supplemented groups. The 

lack of statistical sign;iicance may be attriiuted to varying water content within the 

samples at the time of sampling. The general direction and consistency of response in the 

measued parameters imply that intravenously supplied threonine does not support gut 



growth and mucus production to the same extent as ordy supplied threonüie. With the 

exception of tissue weight and tissue weight/length in the s d  intestine, measwed 

parameters in the deficient group were comistently lower than the other groups, 

suggesting that a diet deficient in threonine hinders gut growth when all other nutrients 

are available. It is interestmg to note that the weight of the tissdlength of tissue (minus 

scraped mucosa) was comistently highest in the deficient group for all sections of the 

small intestine but not in the large intestine, 

Dietary threonine most directly affects mucosai proteins and hence, the weight of 

mucosal scrapings. In each section of the gut examined the mucosd weight of the 

deficient group was lower than the supplemented group, wbich was lower than the 

adequate group. Whiie not aiways statistically significaflt, these consistent trends suggest 

that threonine deficiency does wt support the mucosa as weil as an adequate threonine 

intake. Furthemore, intravenous supplementation of threonine may be able to make up 

some but not aU of this dlfference. 

5.4.7 HISTOCHEMISTRY 

Semiquantitative techniques of counting stained goblet cells suggest that in the SXMU 

intestine, mucin production in the duodenum is most greatly affecteci by threonine intake. 

Overall mucin production, as estirnated by the number of goblet cek  observed, is higher 

m the ileum and higher dl in the prolamal colon The number of goblet celis in the colon 

was found to be greatest in piglets receiving a deficient supply of threonine, perhaps 

suggesting an increased number of stem cells directed to becoming goblet cells. 



Neutral mucins were found to predomïnate dong the Iength of the villus wMe acidic 

mucins were found to occur mauily in the deep crypts. Regional specif?city of mucins are 

thought to be important in maintaining the functionality of the surface mucus (chapter 2). 

In estimating mucm production, a simple count of goblet cells cannot be relied upon alone 

since some cells may be more active m mucin production dian others. The inclusion of 

staining intensity into the equation is therefor required. This method is not without its 

drawbacks however. For one, staining intensity itselfis a subjective measure and only 

semiquantitative. Secondly, the assumption is made that aJl goblet ce& are of the same 

size, which is wt mie. When stahhg intensity is taken into account, the r ed t s  suggest 

much the same response as the goblet ceil data atone; rnucin production is lower in piglets 

fed a threonine-deficient diet than those fed a threonine-adequate diet. The inclusion of 

threonine either o r e  or intravenously seemed not to affect overall mucin production 

statistidy although there are many occurences of the same trends which suggest that 

htravenous suppIementation was not as effective as orally-supplied threonine in 

supporthg mucm production. 

5.4.8 VILLUS MORPHOLOGY 

Villus morphology is often used as a crude masure of intestmal fuoctioa The life of 

an enterocyte is approxîmately 6 days, fiom formation in the crypts to bemg sloughed 

fkom the fps of the vüli Villus height reflects the amount of ce11 Werentiation since 

intestinal cells differentiae fiom base to tip. Crypt depth in the intestine estimates the 

proliferative activities of the intestinal cells, with deeper crypts indicating a greater 



numkr of ceils present. If threonine is limitmg mucosal protein synthesis, it will have an 

effect on villus height andlof villus height/crypt depth ratios, reducing both. In the 

present study, crypt depth suggested a decrease in intestinal tell proliferation in piglets fed 

a threonine-deficient diet. This was seen in ail sections of the gut, although the 

diErences were not statistically signiscant. Villus height m the mid jejunum and ileum 

indicated a decrease in intestinal cell differentiation ui piglets fed a threonuie-deficient 

diet, and these ciifferences are also refiected in villus height/crypt depth ratios. Data eom 

the duodenum exhiiied sirnilar trends, dthough not signiscantly different. In all the 

villus height and crypt depth data imply a similar intestinal architecture (and thus hction) 

between piglets fed an adequate amount of threonine, either given orally or intravenousiy. 

A diet low in threonine resdts in altered d u s  architecture and thus, fiuiction. 

W e  villus cross-sectional area yielded ambiguous results, the inclusion of the 

number of  goblet ce& resulted in trends that were comparable to other parameters of 

mucm production. These calculations suggest (dong with viIlus surface area) that mucin 

production or at least the capacity for mucin production is depressed in piglets receiving 

deficient threonine in their diet. Intravenous supplementation of threonine seemed to 

enhance the capacity for mucin production in the distal part of the smaU intestine. 

5.4.9 CARBOKYDRATE ANALYSIS FOR MUCIN QUANTITATION 

As a more direct quantitative measure of mucin quantity in the gut, mucosal scrapings 

fiom each section were anaiyzed according to the alditoi acetates of the carbohydrate 

sidechahs glucosamine and galactosamine. As îhe diets contained only glucose as a 



source of carbo hydrate, any glucosamine and galactosamine measured by this process is 

assumed to be fiom endogenous production. Native, undigested mucin was estimated as 

a measure of total glycoslyated mucin production and pronase-digested mucin was 

estimated as a measure of unglycosyhted much In the small intestine and in the 

duodenum especially, ciifferences in mucm content were not found to be signiscant, but 

this is likely due to the high vanability in the samples measured. lncreasing the nurnber of 

animR1FI may bear out a statisticai significance. In both the small and hrge intestine the 

overall trend is of greatest mucin quantities in piglets of the threonine-adequate group, 

lowest in piglets of the threonine-deficient group, with those in the supplemented group 

king intermediate or similar to the adequate group. This suggests more direct@ that 

inadequate threonine intake does not support as much mucm production as adequate 

intake, and that supplementation of oral threonine by intravenous infusion is able to bridge 

most but not ail of that gap. Also, the relative amounts of native and pronase-digested 

mucin were not different fiom one another and seems to be affecteci simiIar]i, by different 

threonine mtakes. 

5.5 CONCLUSIONS 

Deficient threonine intake was found to result in decreased overall protein deposition 

m the body, as evidenced by the nitrogen balance and plasma urea analyses. Furthemore, 

a large portion of the reduced protein deposition was found to located in the gut, namely 

m the content and lücely production of mucin proteins. Threonine supplied mtravenously 

was partly available for use by the gut, with increasing towards the coton, Evidence was 



found that suggests that as far as gastrointestinal mucins is concerned, the availability 

a d o r  use of orally-suppled threonine in the production of mucins was preferred. The 

role of threonine in the mucus lining of the gut bas k e n  demonstrated to be of utmost 

importance. 



6, GENERAL SUhMARY AND DISCUSSION (FUTUE DIRECTIONS) 

The importance of threonine in the neonatal piglet cannot be overstated and has ken  

well demonstrated by this study. Piglets receiving intragastric nutrition require roughly 

twiçe the amount of threonine as piglets fed by intravenous infùçion. The dserence in 

requirement is iikely due the the role of threonine in the piglet gut for intestinal mucins. 

Piglets receiving diets deficient in threonine alone show symptorns of diarrhea, mcreased 

plamia urea, and decreased mucosal weight while piglets recei- an adequate mtake of 

threonine show no symptoms of diarrhea, and normal levels of plasma urea and mucosal 

weight. W e  these neonatal piglets are able to utilize threonine supplied either orally 

(intragastricdy) or mtravenously, there was evidence that the oral route was preferred. 

Given the importance of threonine in the structure and fùnction of the gastrointestinal 

tract (mucus, mass), and that the rates of mucin synthesis and secretion are likely high, the 

die- requirement of threonine is likely affected by changes in the gut, such as during 

gut atrophy and regrowth. OraI threonine during refeeding may be very beneficial to the 

r e m  of 'normal' gut h c i o n  

A great deal of threonine reaches the large intestine in the pig in the form of mucins. 

Upon the degradation of mucin in the large intestine, the threonine is unlikely to be 

reabsorbed and is lost to the body. This would e x p h  the higher threonine requirement 

in piglets fed intragastricaily over those fed intravenously. In the intravenously-fed piglet, 

the gut is atropbied and f'unction is greatIy reduced by b t h  need and consequence. 

Similarly, the amount of mucin produced and required wodd also be reduced, and in turn, 

the need for thteonine. 



The appearance of threonine m the large intestine upon mucin degradation may be 

available for use by the body, akhough threonine absorption in the large intestine is 

unlikeiy. Possible approaches m investigating this idea could mvolve the W i o n  of 

labelled threonine (such as  I4c-THR) hto the h d g u t  followed by the measurement of the 

specific activity in the plasma A h ,  the existence of specinc threonine transporters in the 

large intestine would need to be investigated. Another experiment would entail the 

labelhg of threonine in feed, followed by the measurement of labelled threonine in the 

feces. 

The role of gut hormones cannot be ignored, especidy duriog times of 

gastrointestinal stress. Hormones that affect intestinal motility (secretin, motüm, 

neurotensin, peptide YY) may act and Uiteract during threonÏne deficiency. There is also 

some evidence that enteroglucagon could be a physiologie regulator of ceil turnover in the 

gut and somatostatin has been shown to inhiiit amino acid absorption, i1eal contraction 

tissue growth and splanchnic blood flow. Clearly, my dietary effect of threonine on 

mucin production and content would include responses fiom these hormones. 

The possr'bility of mucin gene upregulation duMg times of prolonged dietary 

deficiency could be investigated by use of cell cultures. Specilïc intestinal mucin genes 

isolated and cloned such as W C 2  (in LS 174T human colon carcinoma cek and LS 180 

colonic tumour cells) and MtTC3. MUC2 is the prominent mucin in human large 

Hitesthe, specficaily m goblet cells while MUC3 is largely confined to enterocytes. The 

direct effects of threonine could thus be investigated, via the use of MUC2 and MUC3 

antihdies in immunoprecipitation studies. 



As threonine is miportant in maintainhg the mucus layer, it would be of mterest to 

investigate the effects of threonine during refeeding of intravenously-fed subjects. 

Perhaps a threonine enriched oral diet during refeedmg or even an enriched parenterai diet 

rnay speed up gastrointesthd recovery in ps t  surgical subjects. 
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