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Mucin output in ileal digesta of pigs fed 
a protein-free diet 

Die Ausschiittung yon Mucin im 
Ileuminhalt bei Schweinen nach 
Verfiitterung einer proteinfreien 
Nahrung 

Abstract Daily outputs of mucin 
in ileal digesta were estimated in 
three barrows fed a protein-free 
diet while administered either 
saline (SAI) or a complete amino 
acid mixture (AAI) intravenously. 
The water soluble-ethanol pre- 
cipitable fraction of ileal digesta 
(crude mucin; CM) was used to 
estimate the composition of mucin 
in ileal digesta. This fraction 
exhibited a carbohydrate 
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composition characteristic of mucin 
and had a high threonine, serine 
and proline content (40 mol/100 
mol). The proportions of soluble 
gastric and intestinal mucins, 
approximately 27 and 73 %, 
respectively, were estimated from 
the N-acetylglucosamine 
(GlcNAc)/N-acetylgalactosamine 
(GalNAc) ratio in CM. The daily 
outputs of soluble mucin, 2.75 and 
3.41 g/day from SAI and AAI pigs 
(p = 0.13), respectively, were 
determined from the GalNAc 
outputs in CM, assuming the above 
contributions of gastric and 
intestinal mucins. The estimated 
soluble mncin outputs accounted 
for more than 99 % of the fucose, 
galactose, GalNAc and GlcNAc in 
CM. Total mucin outputs in ileal 
digesta, 5.32 and 5.65 g/day from 
SAI and AAI Pigs (p = 0.24), re- 
spectively, were determined from 
the total GalNAc output in digesta, 
assuming soluble and insoluble 
mucin had similar compositions. 
Based on these outputs, mucin 
represented approximately 30, 7 to 
22, 15 and I 1 %  of the 
endogenous threonine, proline, 
serine and protein, respectively, in 
ileal digesta. Approximately 74, 
76, 100 and 53 % of the fucose, 
galactose GalNAc and GlcNAc, 
respectively, in ileal digesta from 
pigs in this study was attributed to 
mucin. The results from this study 
demonstrate the importance of 
mucin as a source of some 

endogenous amino acids and 
carbohydrates. 

Zusammenfassung Bei kastrierten 
m~innlichen Schweinen, die eine 
proteinfreie Nahrung und intrave- 
n6s entweder mit Kochsalzl6sung 
(SAI) oder ein Aminosaurenge- 
misch erhielten, wurde die t~gliche 
Aminos~iurenausschfittung (AAI) im 
Ileuminhalt bestimmt. Mit der was- 
serlOslichen und in Ethanol ausfiill- 
baren Fraktion des Ileuminhalts 
(Gesamtmucin) (CM) wurde die Zu- 
sammensetzung von Mucin im 
Ileuminhalt gemessen. Diese Frak- 
tion wies eine fur Mucin charakte- 
ristische Kohlegydratzusammenset- 
zung und einen hohen Gehalt an 
Treonin, Serin und Prolin (40 mol/ 
100 mol). Die Anteile an Mucinen 
aus dem Magen und Darm betru- 
gen 27 bezw. 73 % und wurden 
nach dem Verh~iltnis zwischen N- 
Acetylgalactosamin (GiNAc):N-Ace- 
tylgalactosamin (GalNAc) im CM 
ermittelt. Die t~iglichen Ausschtittun- 
gen an 16slichem Mucin betrugen 
bei den SAI- bzw. AAI-Schweinen 
(p = 0,t3) und wurden aus den Gat- 
NAc-Exkretionen im CM bestimmt, 
wobei die obengenannten Anteile 
der Magen- und Darmmucine ange- 
nommen wurden. Die bestimmten 
16slichen Mucinausschtittungen im 
CM bestanden zu mehr als 90 % 
aus Fucose, Galactose, GalNAc 
und GlcNAc. Die Gesamtausschtit- 
tungen an Mucin im Ileuminhalt be- 
liefen sich bei den SAI- bzw. AAI- 
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Schweinen (p = 0,24) auf 5,32 und 
5,56 g/Tag und wurden aus der 
Gesamtausschiittung aus dem 
Ileuminhalt ermittelt, wobei davon 
ausgegangen wurde, dab 16sliches 
und unlrsliches Mucin die gleichen 
Zusammensetzungen aufwies. Basie- 
rend auf diesen Ausschtittungen, 
entsprach Mucin im Ileuminhalt 
ca. 30,7 bis 22, 15 und 11% 
Threonin, Prolin, Serin und 
Protein. Ann~ihernd 74, 76, 100 
bezw. 53 % Fucose, Galactose, 

GAINAc und GlcNAc des Ileum- 
inhalts entfielen in dieser Studie an 
Schweinen auf Mucin. Die Unter- 
suchungsergebnisse der Studie un- 
terstreichen die Bedeutung von 
Mucin als Lieferant von endogenen 
Aminos~iuren und endogenen 
Kohlehydraten. 

Key words Pigs - mucin - 
endogenous amino acids - 
endogenous carbohydrates 

Sehliisselwiirter S c h w e i n e -  
Mucin - endogene Aminos~iuren - 
endogene Kohlenhydrate 

Abbreviations CM = crude mucin 
GalNAc = N-acetylgalactosamine 
GlcNAc = N-acetylglucosamine 
AAI = amino acid infused • 
SAI = saline infused • N = nitrogen 
MW = molecular weight 

Introduction Materials and methods 

There is a scarcity of information on the recovery of 
endogenous substances from different sources at the distal 
ileum of  pigs. In this respect, the recovery of mucin is 
of particular interest since little digestion of mucin occurs 
prior to the large intestine (10). With proteolysis, mucus 
gels are reduced first to their component mucins, and 
further to mucin subunits by digestion of exposed protein 
regions (2, 19, 24). Although exhaustive proteolysis re- 
suits in a loss of up to 30 % of mucus protein, this 
represents only approximately 5 % of the total mucus 
molecule (20, 33). The remaining protein, comprised pre- 
dominantly of threonine, serine and proline (70 mol/100 
mol of amino acids), is protected from further proteolysis 
by a coat of  oligosaccharides (10). 

The prevalence of mucin in ileal digesta has been 
inferred from the high threonine content of endogenous 
protein (e.g. 5) and from the low apparent digestibility 
of this amino acid in many feedstuffs (32). Mucin is also 
considered a primary source of endogenous carbohydrates 
in ileal digesta (7, 17, 22). Thus, in addition to providing 
important information concerning the recovery of endo- 
genous protein and carbohydrates, an estimate of the 
recovery of mucin could provide insight into the effects 
of dietary treatments in the digestive tract since mucin 
provides a protective lining for the gastrointestinal mu- 
cosa (2, 19, 24). Allen (2) has suggested that proteolysis, 
augmented by physical abrasion, is the primary factor 
governing the presence of mucin in the intestinal lumen. 

The purpose of this study was to estimate the daily 
output of mucin in ileal digesta of pigs fed a protein-free 
diet and to estimate the contribution of mucin to total 
endogenous protein and carbohydrates. Digesta samples 
were collected during a previous study in which pigs 
were fed a protein-free diet while being administered 
either saline or a complete amino acid mixture intra- 
venously, therefore, data regarding the effect of the 
protein status of the pig on the recovery of mucin in ileal 
digesta are also presented. 

This study was performed using samples collected in a 
previous experiment (5). Sufficient samples for analyses 
were available for three barrows, therefore, three obser- 
vations were obtained for each treatment. Briefly, bar- 
rows, with an average initial body weight of 55 kg, were 
fitted with a simple T-cannula at the distal ileum and a 
catheter in the external jugular vein. The animals were 
fed twice daily, at 08:00 and 20:00 hours, 700 g of a 
protein-free diet while administered either saline or a 
complete mixture of amino acids intravenously. The ex- 
perimental diet consisted of 79.7 % cornstarch, 10 % 
sucrose, 3 % canola oil, 3 % Alphafloc and a vitamin- 
mineral premix. Digesta were collected continuously for 
24 h on the eighth day of the infusion period and imme- 
diately frozen prior to freeze-drying and grinding. 

Chemical and statistical analysis 

Crude mucin (CM) was isolated according to modifica- 
tions of procedures described by Allen (2) and Miller and 
Hoskins (21). Approximately 3 g of freeze-dried digesta 
was weighed into a 50 mL polystyrene test tube and 
25mL of 0.15M NaCI containing 0.02M sodium azide, 
maintained at 4 °C, were added. Samples were homoge- 
nized for 1 min using a Polytron Homogenizer (Kinema- 
tica, Kriens, Switzerland) and immediately centrifuged 
for 30 min at 12 000 x g at 4 °C. The aqueous layer was 
decanted into a second 50 mL polystyrene test tube and 
once again centrifuged at 12 000 x g for 30 min to ensure 
the complete removal of insoluble material. Fifteen mL 
of the aqueous fraction were pipetted into a pre-weighed 
50 mL test tube, cooled in an ice-bath, and ice cold 
ethanol added to a final concentration of 60 % (v/v). The 
samples were allowed to precipitate overnight at -20 °C. 

The following day samples were centrifuged at 1 400 
x g for 10 min and the precipitate recovered by decanting 
the supernatant. The pellet was resolubilized in 15 mL 
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of 0.15M NaC1 and cooled in an ice-bath. Pre-cooled 
ethanol was added to a final concentration of 60 % (v/v) 
and the samples were again left overnight to precipitate. 
The CM precipitate was recovered by centrifugation. Suc- 
cessive rinsing was continued until a clear supernatant 
was obtained. The final precipitate was resolubilized in 
10 mL of water and freeze-dried. 

Amino acid analysis, following procedures adapted 
from Jones and Gilligan (11), were repeated in ileal 
digesta samples for this study. Samples were prepared as 
previously described (16) and analyses were performed 
using a Varian 5000 high performance liquid chromato- 
graphy system (Varian Instruments Inc., Walnut Creek, 
CA). Approximately 30 mg of CM or 100 mg of ileal 
digesta were hydrolyzed for 24 h in 6 mL of 6M HC1 
prior to amino acid analysis. Proline was estimated as its 
trimethylsilyl derivative by gas chromatography-mass 
spectrometry using leucine in the samples as a standard. 

Carbohydrates were analyzed as their alditol acetates 
according to procedures adapted from Blakeney et al. (3) 
and Kraus et al. (14). Approximately 50 mg of CM or 
ileal digesta were treated with 12M sulfuric acid (1.5 mL) 
for 1 h at room temperature. The solution was diluted to 
3M with 4.5 mL of water and the samples hydrolyzed 
for 1 h at 110 °C. Following hydrolysis, 200 gL of in- 
ternal standard were added (N-methylglucamine and myo- 
inositol, for amino sugars and neutral sugars, respect- 
ively, at 10 mg/mL of  distilled water). Aliquots (t mL) 
of the acid hydrolysates were cooled in an ice-bath and 
made basic with the addition of 0.7 mL concentrated 
ammonium hydroxide. To 100 ~tL of this, 1 mL sodium 
borohydride (30 mghnL in anhydrous dimethylsulpho- 
xide) was added and reduction allowed to proceed for 
90 min at 40 °C. Excess sodium borohydride was decom- 
posed with the addition of 200 ~tL concentrated glacial 
acetic acid. Following this, 0.2 mL 1-methylimidazole 
and then 2 mL acetic anhydride were added. The solution 
was mixed and acetylation occured at room temperature 
for 10 to 15 min. Thereafter, 5 mL of water was added 
to decompose excess acetic anhydride and the mixture 
cooled to room temperature. Alditol acetates were ex- 
tracted into 4 mL of dichloromethane by vigorous shaking 
and the upper aqueous layer removed. The dichloro- 
methane layer was rinsed twice with 4 mL of water and 
evaporated to dryness under a stream of nitrogen. Stand- 
ard sugars and derivitization reagents were obtained from 
Sigma (Sigma Chemical, St. Louis, MO). 

Prior to analysis by gas-liquid chromatography (Varian 
3400), the alditol acetates were redissolved in 1 mL of 
dichloromethane and approximately 0.5 gL  of derivitized 
sample was injected onto a DB-17 fused silica capillary 
column (0.25 mm i.d. x 30 m; J&W Scientific, Folsom, 
CA). Helium was used as the carrier gas at a rate of 1.5 
mL/min. Injector temperature was programmed from 60 ° 
to 270 °C at 150 °C/min and maintained for 20 rain. 
Oven temperature was raised at 30 °C/min from 50 ° to 

190 °C, maintained for 3 min, then increased 5 °C/rain 
to 270 °C and maintained for 5 min. Detector temperature 
was set at 270 °C. Peak area integration for amino acid 
and carbohydrate analyses were made using a Shimadzu 
Ezchrom Data System (Shimadzu Scientific Instruments 
Inc., Columbia, MD). 

To determine treatment effects, data were subjected to 
statistical analysis using the SAS (31) General Linear 
Model Procedure. The data were analyzed using a cross- 
over design, with group (animals that moved together 
from one period to the next), animals within each group, 
period and treatment as sources of variation (27). 

Calculations 

Regression equations were derived from the N-acetylglu- 
cosamine (GIcNAc) to N-acetylgalactosamine (GalNAc) 
ratios in purified gastric (33) and intestinal (18, 20) mu- 
cins to calculate the contribution of gastric mucin and the 
GalNAc content. Two formulas were derived, assuming 
complete native (no proteolytic digestion) or subunit (pro- 
teolytic digested) mucin, to estimate the range of mucin 
output. The relationship between the GlcNAc/GalNAc 
ratio and contribution of gastric mucin is described by 
the following regression equations: 

Native: %gastric = -80.23 + 183.26x - 71.19x 2 + ll.05x 3 (Ia) 
Subunit: %gastric = -82.07 + 188.36x - 74.50x 2 + tl.69x 3 (lb) 

where x = the GlcNAc/GalNAc ratio. The GalNAc con- 
tent of mucin mixtures is described by the following 
regression equations: 

Native: %GalNAc = 32.30 - 22.74x + 8.83x 2- 1.37x 3 (2a) 
Subunit: %GalNAc = 34.87 - 25.36x + 10.03x 2- 1.57x 3 (2b) 

where x = the GlcNAc/GalNAc ratio. The daily output 
of mucin was calculated from the estimated GalNAc 
content and daily outputs of GalNAc in CM or ileal 
digesta by the following equation: 

rnucin output = GalNAe/%GalNAe (3) 

where GalNAc = GalNAc output in g/day. (3) 

Results and discussion 

The isolation of mucin from ileal digesta is compounded 
by the presence of undigested dietary materials (4, 17) 
and the incomplete solubility of mucin (4, 17, 19). It has 
been convenient, therefore, to estimate mucin outputs 
using marker carbohydrates, particularly the amino sugars 
(4, 7, 17, 36). As discussed previously (17), GalNAc is 
particularly well suited for this purpose because of its 
limited occurence in dietary and endogenous sources. The 
usefulness of GlcNAc as a marker for mucin is dimin- 
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ished by its contributions from other sources, particularily 
proteoglycans. N-acetylglucosamine and uronic acids are 
the primary constituents of  proteoglycans (30) and, al- 
though not determined in this study, a considerable quan- 
tity of  uronic acids are present in ileal effluent from 
humans fed polysaccharide-free diets (7). 

The reliability of  estimates for mucin outputs, using 
marker carbohydrates, depends on the accuracy with 
which the composit ion of  mucin in ileal digesta can be 
determined. In a previous study (17) we derived a com- 
position for mucin in ileal effluent from ileostomates fed 
increasing amounts of  soy fiber from the carbohydrate 
composit ion of  CM after regression to zero soy fiber 
intake. Regression to zero soy fiber intake was necessary 
to remove soluble carbohydrates derived from the diet. 
The approach taken in this study is to take advantage of  
the large differences in the carbohydrate compositions of  
gastric and intestinal mucins, particularly with respect to 
the GlcNAc/GalNAc ratios, to determine the relative pro- 
portions of  these mucins in ileal digesta. Gastric mucin 
contains approximately 30 % GlcNAc and 13 % GalNAc 
(33, 35), whereas the contributions of  these sugars in 
intestinal mucin is approximately 20 and 40 % (18, 20), 
respectively. Once the relative proportions of  gastric and 
intestinal mucins are known, mucin outputs can be esti- 
mated from the known compositions of  these mucins and 
the GalNAc output. In this respect, the carbohydrate com- 
position of  CM is of  value since it is unlikely that 
nonmucin glycoproteins will contribute to the amino su- 
gar content in this fraction of  digesta (4). 

Table 2 Carbohydrate and amino acid compositions of crude 
mucin from saline (SAI) and amino acid (AAI) infused pigs 

Treatment SAI AAI SEM, pb 

Carbohydrates, moll100 mol 
Fucose 13.7 15.6 0.56 0.21 
Galactose 29.4 30.4 0.25 0.19 
GalNAc~ 31.5 30.5 0.16 0.13 
GlcNAc c 25.4 23.5 0.97 0.34 

Indispensable amino acids, mol/100 mol 
Arginine 2.5 2.4 0.03 0.19 
Histidine 1.3 1.3 0.07 0.47 
Isoleucine 3.0 2.7 0.07 0.22 
Leucine 5.8 5.2 0.30 0.38 
Lysine 2.5 2.3 0.14 0.50 
Methionine 0.7 0.6 0.07 0.70 
Phenylalanine 2.4 2.5 0.16 0.43 
Threonine 15.0 16.4 0.33 0.17 
Valine 5.9 6.0 0.06 0.35 

Dispensable amino acids, mol/100 mol 
Alanine 9.2 9.9 0.63 0.59 
Aspartate 7.8 7.0 0.34 0.33 
Glutamate 8.7 8.2 0.29 0.42 
Glycine 8.9 8.7 0.65 0.79 
Proline 12.5 12.4 0.69 0.83 
Serine 11.5 12.4 0.74 0.56 
Tyrosine 2.6 2.1 0.13 0.23 

a Standard error of the mean. 
b Probability of difference between saline and amino 

pigs (n = 3). 
c N-Acetylgalactosamine and N-Acetylglucosamine, 

respectively. 

acid infused 

Table 1 Recovery and composition of crude mucin from ileal 
digesta of pigs fed a protein-flee diet while simultaneously admin- 
istered either saline (SAI) or a complete amino acid mixture (AAI) 
intravenously 

Items SAI AAI SEM a pb 

Crude mucin, g/day 5.2 5.6 0.13 0.47 

Composition, % 
Protein c 34.3 35.1 2.73 0.79 
Fucose 3.5 4.8 0.36 0.21 
Galactose 8.2 10.3 0.31 0.12 
GalNAO 10.7 12.5 0.28 0.14 
GlcNAc d 8.7 9.7 0.11 0.11 
Glucose 1.6 1.2 0.40 0.09 
Mannose 1.2 1.0 0.04 0.11 

GluNAc/GalNAc 0.82 0.78 0.109 0.83 
Protein/Carbohydrate 1.01 0.90 0.085 0.56 

a Standard error of the mean. 
b Probability of difference between SAI and AAI pigs (n = 3). 
Sum of individual amino acids. 

d N-Acetylgalactosamine and N-Acetylglucosamine, respectively. 

The daily output and composit ion of  CM in ileal 
digesta of  pigs fed a protein-free diet are presented in 
Table 1. Daily outputs of  CM in ileal digesta were not 
different (p = 0.47) between amino acid (AAI) and saline 
infused (SAI) pigs. Carbohydrate plus protein accounted 
for 70 % of  the CM in both treatments. The remaining 
portion may be comprised of  a variety of  components in- 
cluding sialic acid which represents approximately 18 % 
and 2 % of intestinal and gastric mucin, respectively (2, 
19, 24). Moisture and ash, in similarily prepared samples 
from this laboratory, ranged from 11 to 16 % and 11 to 
2 1 % ,  respectively. The high ash content is most likely 
due to the presence of  salt, since no effort was made to 
remove it from the final product. 

The CM preparations contained predominantly (> 90 %) 
those sugars characteristic of  mucus glycoproteins (mucin 
carbohydrates), namely fucose, galactose, GalNAc and 
GlcNAc (Table 1). Mannose and glucose, common con- 
taminants of  mucus preparations (18, 34), were also pre- 
sent. These results are consistent with those o f  a previous 
study (22) in which mucin carbohydrates represented 
84 % of  the total carbohydrate in the soluble fraction of  
ileal digesta from rats fed a fiber-free diet. The high 
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protein to carbohydrate ratios, 1.0 and 0.9 in SAI and 
AAI pigs, respectively, compared to 0.2 to 0.4 in purified 
mucus (18, 33), suggest the presence of coprecipitating 
contaminant proteins. 

The compositions of the protein and carbohydrate frac- 
tions of CM are presented in Table 2. Threonine, serine 
and proline comprised 40 mol/100 mol of the amino acids 
in both CM preparations. The contributions of these ami- 
no acids were lower than in purified mucin, 50 to 70 
mol/100 mol (18, 20, 33). However, similar contributions 
were reported in other studies (8, 26, 34). Although the 
low content of threonine, serine and proline confirms the 
presence of  some nonmucin protein, their high contribu- 
tions, relative to the other amino acids, is suggestive of 
a high content of mucin in the water soluble-ethanol 
precipitable fraction of ileal digesta from pigs fed a 
protein-free diet. 

There were no differences (p > 0.10) in the composi- 
tion of mucin carbohydrates in CM between AAI and SAI 
pigs (Table 2). The contents of galactose and GalNAc 
were highest (approximately 30 % each) followed by 
GlcNAc (24 %) and fucose (14 %), The carbohydrate 
composition was intermediate to that reported for purified 
pig gastric (33) and small intestinal mucins (18, 20), but 

more closely resembled that of intestinal mucin, especial- 
ly with respect to the GlcNAc/GalNAc ratios (Table 1). 
The GlcNAc to GalNAc ratio for pig gastric mucin is 2.4 
(33) compared to 0.6 for mucin from the small intestine 
(18). The GlcNAc/GalNAc ratios in CM from SAI and 
AAI pigs were 0.82 and 0.78, respectively, suggesting 
that mucin in ileal digesta of pigs fed a protein-free diet 
originates primarily in the small intestine. The higher 
contribution of threonine, relative to serine (Table 2), is 
also consistent with a higher proportion of intestinal muc- 
in (2, 19, 24). 

The daily outputs of carbohydrates and the estimated 
daily outputs of mucin in CM and in ileal digesta are 
presented in Table 3. In contrast to CM, in which mucin 
carbohydrates represent greater than 90 % of the total 
carbohydrates, fucose, galactose, GalNAc and GlcNAc 
represented less than 10 % of carbohydrates in ileal 
digesta. However, glucose and xylose, representing 90 % 
of total carbohydrates in ileal digesta, were likely derived 
from the diet since these are relatively minor components 
of endogenous carbohydrates (7, 13, 22). Traces of ara- 
binose, rhamnose and ribose were also detected in di- 
gesta. Although not significant, the daily outputs of 
mucin carbohydrates in CM were higher in AAI, versus 

Table 3 Carbohydrate and mucin outputs in crude mucin and in ileal digesta, and the contribution of carbohydrates from mucin to 
carbohydrates in crude mucin and in ileal digesta of saline (SAI) and amino acid (AAI) infused pigs 

Crude mucin Ileal digesta 

SAI AAI SEM a pb SAI AAI SEM P 

Carbohydrates, g/day 
Fucose 0.17 0.27 0.022 0.18 0.57 0.58 0.008 0.28 
Galactose 0.44 0.60 0.020 0.11 1.50 1.37 0.038 0.25 
GalNAc ¢ 0.55 0.70 0.021 0.14 1.07 1.16 0.003 0.05 
GlcNAc ~ 0.45 0.54 0.009 0.11 1.89 1.55 0.021 0.05 
Glucose 0.08 0.07 0.005 0.22 41.24 37.74 1.005 0.26 
Mannose 0.06 0.05 0.002 0. I 0 0.96 0.67 0.005 0.02 
Xylose ND ND 7.44 7.46 0.384 0.92 

Mucin, glday d 
Gastric 0.80 0.85 0.014 0.34 1.51 1.38 0.128 0.39 
Intestinal 1.95 2.57 0.096 0.14 3.81 4.27 0.082 0.17 
Total 2.75 3.41 0.082 0.13 5.32 5.65 0.047 0.24 

Contribution, %~ 
Fucose 123.4 99.6 8.261 0.23 73.3 74.3 0.915 0.45 
Galactose 131.7 117.7 7.465 0.37 71.3 82.0 5.900 0.50 
GalNAc 99.4 99.8 0.119 0.21 99.8 100.0 0.220 0.54 
GlcNAc 99.5 99.8 0.067 0.19 47.2 58.2 0.334 0.03 

a Standard error of the mean. 
b Probability of difference between saline and amino acid infused pigs (n = 3). 
° N-Acetylgalactosamine and N-Acetylglucosamine, respectively. 
d Mucin outputs in crude mucin and in ileal digesta estimated from the GIcNAc/GalNAc ratio in crude mucin and the outputs of GalNAc 
in crude mucin and ileal digesta, respectively (see calculations in text). 
° Output of carbohydrates from mucin, for the calculation of the contributions of carbohydrates from mucin to carbohydrates in crude 
mucin and ileal digesta, calculated from the estimated mucin output and the carbohydrate composition of purified mucin presented 
previously (18, 20, 33). 
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Table 4 Ileal output of amino acids in crude mucin in saline (SAI) 
and amino acid (AAI) infused pigs 

SAI AAI SEM a pb %Cont c 

Indispensable amino acids, mmollday 
Arginine 0.36 0.38 0.024 0.65 0.81 
Histidine 0.17 0.22 0.012 0.18 2.02 
Isoleucine 0.42 0.45 0.017 0.58 1.21 
Leucine 0.82 0.87 0.055 0.95 2.02 
Lysine 0.35 0.40 0.012 0.31 2.02 
Methionine 0.09 0.I0 0.010 0.70 0.40 
Phenylalanine 0.31 0.42 0.032 0.23 4.44 
Threonine 2.12 2.74 0.011 0.02 25.00 
Valine 0.82 0.99 0.033 0.18 6.85 

Dispensable amino acids, mmol/day 
Alanine 1.36 1.68 0.012 0.04 12.90 
Aspartate 1.11 1.18 0.067 0.97 2.82 
Glutamate 1.23 1.37 0.029 0.23 5.65 
Glycine 1.28 1.43 0.036 0.30 6.05 
Proline 1.76 2.05 0.142 0.48 11.69 
Serine 1.68 2.09 0.022 0.05 16.53 
Tyrosine 0.36 0.35 0.023 0.45 -0.40 

"Standard error of the mean. 
bProbability of difference between saline and amino acid infused 
pigs (n = 3). 
cContribution of individual amino acids to the total increase in 
amino acids in crude mucin between SAI and AAI pigs. 

SAI, pigs resulting in estimated intestinal and total mucin 
outputs which were 32 % (2.6 versus 2.0 g/day) and 24 % 
(3.4 versus 2,8 g/day, respectively) higher, respectively, 
with amino acid infusion. Daily carbohydrate outputs in 
digesta were usually lower for AAI pigs, although this 
was only significant for mannose and GlcNAc. N-Ace- 
tylgalactosamine output in digesta were higher (p = 0.05) 
with amino acid infusion, however, the estimated daily 
outputs of mucin were not different, 5.7 g/day versus 5.3 
g/day (p = 0.24), between SAI and AAI pigs, respective- 
ly. In both CM and digesta, estimates for the output of 
intestinal mucin were more than twice that of gastric 
mucin. The higher estimates for mucin output in ileal 
digesta, compared to CM, reflects the contribution of 
insoluble mucin. The solubility of mucus gels is increased 
as they are proteotytically degraded to their component 
mucin subunits (2, 19). In addition, the solubility of 
mucin may be influenced by pH and the presence of bile 
(19). 

The contributions of fucose, galactose, GalNAc and 
GlcNAc from mucin to total fucose, galactose, GalNAc 
and GlcNAc, respectively, in CM and ileal digesta 
(Table 3) were calculated from the estimated mucin out- 
puts and the composition of purified mucins presented 
previously (18, 20, 33). The estimated contributions of 
mucin carbohydrates to total carbohydrates in CM ex- 
ceeded 99 %, suggesting that essentially all of the car- 
bohydrates in the water soluble-ethanol precipitable frac- 

tion of digesta (CM) from the pigs in this study could 
be derived from mucin. Clamp and Gough (4) have sug- 
gested that non-mncin glycoproteins, which could contri- 
bute to the amino sugar content of CM, are not important 
constituents of the soluble fraction of human ileostomy 
effluent. These results demonstrate that, not only does 
the GlcNAc/GalNAc ratio in CM provide a reasonable 
estimate of the relative contributions of soluble gastric 
and intestinal mucins, it can also be used, in conjunction 
with previously described mucin compositions, to derive 
an estimate of soluble mucin output. 

Total mucin output was estimated from the 
GIcNAc/GalNAc ratio in CM and the GalNAc content of 
ileal digesta, assuming all GalNAc in digesta was asso- 
ciated with mucin. The estimated mucin output accounted 
for more than 70 % of the fucose and galactose, but only 
50 % of the GlcNAc (Table 3). The low contribution of 
GlcNAc may indicate the presence of  proteoglycans. Uro- 
nic acids and GlcNAc are the primary constituents of 
proteoglycans (30) and, although not determined in this 
study, a considerable quantity of uronic acids are present 
in ileal effluent from humans fed polysaccharide-free 
diets (7). The results presented in Table 3 are consistent 
with several previous studies which point to mucin as a 
primary source of endogenous carbohydrates in ileal di- 
gesta. A high content of mucin sugars was observed in 
secretions from canine Heidenhain pouches (13). Fucose 
and galactose represent 65 % of the endogenous neutral 
carbohydrates in ileal effluent from humans fed polysac~ 
charide-free diets (7). More recently, Monsma et al. (22) 
reported that fucose, galactose and the amino sugars rep- 
resented 77 % of the total endogenous carbohydrates in 
ileal digesta from colectomized rats. 

Although no significant differences were observed in 
mucin outputs between SAI and AAI pigs, the proportio- 
nately higher amount of soluble mucin (in CM), com- 
pared to total mucin (in digesta), in AAI pigs presents 
an interesting tendency that is worth noting. These data, 
presented in Table 3, imply an increase in the solubility 
of mucin following amino acid infusion, possibly result- 
ing from an enhanced proteolytic activity. Studies in vitro 
(e.g. 20, 33) and in vivo (e.g. 23, 25) demonstrate that 
mucus is proteolytically degraded to mucin subunits, in- 
creasing the solubility of mucus gels (2, 19). Solubiliza- 
tion of mucus is directly correlated with an increase in 
proteolytic activity (15, 23). Kowalewski et al. (13) re- 
ported a 44 % increase in the amount of mucin carbohy- 
drates, in conjunction with a threefold increase in the 
amount of pepsin, in canine Heidenhain pouches folio- 
wing the consumption of food. Daily amino acid outputs 
in CM (Table 4) provide some support for this. Similar 
to carbohydrates in CM, the daily output of amino acids 
increased by an average of 15.5 % with amino acid 
infusion. Significant increases were observed for threoni- 
he, serine and alanine. More importantly, threonine, se- 
fine and proline contributed more than 50 mol/100 mol 
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Table 5 The contribution of amino acids from mucin to amino acids in ileal digesta from saline (SAI) and amino acid (AAI) infused 
pigs ~ 

Subunit b Native c 

SAI AAI SEM d P~ SAI AAI SEM P 

5.6 7.8 0.49 0.19 7.8 11.0 0.69 0.19 Protein, %f 

Indispensable amino acids, % 
Arginine 2.4 3.5 0.20 0.18 6.9 9.7 0.50 0.17 
Histidine" 3.9 5.0 0.14 0.11 9.0 11.6 0.36 0.I2 
Isoleucine 3.9 4.7 0.08 0.07 7,3 8.9 0.t6 0.08 
Leucine 2.0 2.4 0.05 0.11 5.8 6.9 0.22 0.16 
Lysine 1.8 2.1 0.07 0.17 5.6 6.7 0.26 0.18 
Phenylalanine 2.4 2.5 0.12 0.57 5.3 5.5 0.25 0.57 
Threonine 28.0 33.2 1.31 0.22 29.0 34.4 1.43 0.22 
Valine 6.5 7.1 0.12 0.17 10.4 t 1.3 0.t7 0.16 

Dispensable amino acids, % 
Alanine 1.6 1.9 0.03 0.09 3.7 4.6 0.14 0.13 
Aspartate 1.1 1.4 0.05 0.13 4.2 5.5 0.22 0.14 
Glutamate 1.9 2.4 0.03 0.06 4.2 5.2 0.07 0.06 
Glycine 1.9 2.8 0.17 0.17 3.0 4.4 0.26 0.17 
Protine 7.2 22.4 0.09 0,01 7.7 23.8 0.t0 0.01 
Serine 13.3 16.3 0.23 0.07 13.2 16,3 0.30 0.09 
Tyrosine 3.1 3,8 0.01 0.01 6.8 8.2 0.01 0.01 

Output of amino acids from mucin, for the calculation of the contributions of amino acids and protein from mucin to amino acids and 
protein, respectively, in crude mucin and ileal digesta, calculated from the estimated mucin output and the amino acid composition of 
purified mucin presented previously (18, 20, 33). 
b Calculated assuming mucin is completely in its subunit form (complete proteolytic degradation of the naked region). 

Calculated assuming mucin is completely in its native form (no proteolytic digestion). 
dStandard error of the mean. 

Probability of difference between saline and amino acid infused pigs (n = 3). 
r Sum of amino acids. 

of the total increase in the amino acid output, indicating 
that much of  the increase in amino acid output could be 
attributed to an increase in the mucin content of  CM. 

Several previous studies provide evidence that a large 
quantity of  dietary starch, in conjunction with amino acid 
infusion, could lead to an enhanced proteolytic activity 
in the intestinal lumen. Mucosal  mass and nutrient ab- 
sorption were greater in parenterally fed rats with intra- 
lumenal infusion of  30 % glucose compared to 10 % 
glucose or saline (29). Mucosal  enzyme activities, redu- 
ced by starvation, are rapidly restored following the con- 
sumption of  diets containing free amino acids (28), how- 
ever, in the absence of  lumenal amino acids, the mucosa 
utilizes plasma amino acids for the synthesis of  at least 
some of  these enzymes (6). Thus providing amino acids 
parenterally might not only enhance mucosal enzyme 
activity, but might  also prevent the decline in pancreatic 
protease activity observed in pigs fed protein-flee diets 
(9). In this respect, it is of  interest to note that the ileal 
outputs of  GlcNAc and mannose decline with amino acid 
infusion (Table 3) because their prevalence in proteogly- 
cans (30) and membrane glycoproteins (12), respectively, 
could be interpreted to indicate an improvement in mu- 

cosal integrity. This aspect of  the effect of  amino acid 
infusion in pigs fed protein-flee diets requires further 
investigation, particularly since the feeding of  protein- 
free diets is a standard method for determining endoge- 
nous protein and amino acid outputs. 

The contribution of  amino acids from mucin to total 
amino acids in ileal digesta (Table 5) was calculated from 
the estimated mucin outputs (Table 3) and the composi- 
tion o f  purified mucin presented previously (20, 21, 34). 
Data are presented assuming either complete proteolytic 
digestion of  the naked region (Subunit) or no digestion 
of  the naked region (Native) to provide the range of  
mucin amino acid contributions. It is necessary to consi- 
der this range because the extent o f  proteolytic digestion 
of  mucin in ileal digesta is unknown. Endogenous amino 
acid outputs determined in this study were similar to 
those presented previously (5) and are not included here. 
Although mucin represented a relatively small proportion 
(5 to 1 1 % )  of  the total endogenous amino acids in ileal 
digesta, the contributions of  threonine (28 to 35 %), 
serine (13 to 16 %) and proline (7 to 24 %) were higher. 
Contributions of  these amino acids were similar whether 
it was assumed that mucin was either completely in its 
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nat ive or  subunit  forms because these amino acids are 
located predominant ly  in the g lycosyla ted  region,  protec-  
ted from proteolys is  (20, 33). Protein in the naked region 
(approximate ly  35 % of  the total protein) has a compo-  
sit ion s imilar  to that of  an average protein  (2, 19, 24), 
thus the contr ibut ions  o f  the remaining amino acids were 
approx imate ly  twice as high when it was assumed that 
mucin was comple te ly  in its native,  rather  than its sub- 
unit,  form. 

The data  presented  in this study provides  information 
concerning the output  of  mucin in i leal  digesta  of  pigs 
fed a prote in-f ree  diet  and its contr ibut ion to endogenous 

protein and carbohydrates .  An est imat ion of  the mucin 
content of  i leal  digesta  has important  consequences  for 
nutri t ional studies since the separat ion of  endogenous  
from undigested dietary protein is a major  impedement  
in the assessment  of  the effects o f  dietary treatments on 
the digest ion of  protein and the true d iges t ib i l i ty  of  die- 
tary ingredients.  In this respect ,  this study has presented 
important  information on the contr ibut ion o f  at least  one 
source of  endogenous  protein,  to total  endogenous  protein 
recovered at the distal  i leum. In addit ion,  this s tudy has 
also presented informat ion concerning the effect  o f  feed-  
ing protein-free diets.  
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