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ABSTRACT. Colonic mucins may serve as a defense mech-
anism by binding bacterial, viral, or dietary lectins, thereby
preventing them from attaching to the intestinal epithe-
lium. Presumably, the composition of the mucins would be
responsible for this phenomenon, and the composition of
mugcins from mature mammals would be the most effective
in binding lectins. To determine whether differences in diet
and/or age affect the composition of colonic mucins, we
scraped fresh colonic mucosae from pigs at 0 (n = 3), 7
(n=3), 21 (n = 3), and 180 (n = 3) d of age and purified
the mucins from these mucosal scrapings. Mucins were
purified by ribonuclease and deoxyribonuclease digestion,
high-performance size-exclusion chromatography, and ce-
sium chloride density-gradient ultracentrifugation. The
180-d-old pig was considered mature. No changes were
observed in any of the variables analyzed in the 7-d-old
animals. No changes were observed in quantities of galac-
tosamine and galactose. The amounts of fucose and gluco-
samine increased by 165 and 37%, respectively, (p < 0.05)
from d 0 to d 21 in the sow-fed animals, at which time
fucose and glucosamine content were 48 and 22% greater,
respectively, than in the 21-d-old, artificially fed group (p
< 0.05). A further significant increase in fucose content
was observed in the mucins from mature animals. The
sulfate content in the 21-d-old, sow-fed animals was signif-
icantly lower than in both the newborn and the 21-d-old
artificially fed animals. The sulfate content in all three of
these groups, however, was significantly higher than that
observed in the mucins of mature animals. At 21 d of age,
the protein content was significantly lower than at birth
for both diet groups but significantly higher than in the
mucins of mature pigs. The evidence indicates that the
composition of colonic mucins in 21-d-old sow-fed pigs was
more mature than that in the artificially fed counterparts,
with respect to fucose, glucosamine, and sulfate. Therefore,
if a mature mucin composition is, in fact, a more effective
defense against intestinal infection, young breast-fed ani-
mals may have an advantage over young artificially fed
animals. (Pediatr Res 33: 564-567, 1993)
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Abbreviations

RNase, ribonuclease
DNase, deoxyribonuclease

Gastrointestinal mucus, the viscous, hydrophilic gel that coats
the epithelial lining of the gastrointestinal tract, is a complex
mixture of water, electrolytes, macromolecules, enzymes,
sloughed cells, Ig and high-molecular-weight glycoproteins called
mucins, which are synthesized, stored, and secreted by goblet
cells (1, 2). Mucins contribute to the lubrication of mucosal
surfaces, and they may serve as a mechanism of defense by
offering specific binding sites to lectins of bacterial, viral, and/or
dietary origin, thus preventing the lectins from attaching to the
intestinal epithelium (3, 4). Infants, both human and animal, are
known to be more susceptible to intestinal infection, particularly
if weaned from maternal milk (5). It may be that the mucin
composition in the immature host creates a mucosal binding
affinity for pathogens that is lower than the mucosal binding
affinity in a mature animal. Little is known about the composi-
tion of colonic mucins as a function of age or diet. The aim of
the present study, therefore, was to determine whether the bio-
chemical composition of colonic mucins could be affected by
age or type of feeding. We chose the pig as a model to study
mucin development, because its intestinal development and
physiology resemble those of a human infant (6, 7). The model
is limited, however, by the differences in colonic bacterial flora
between the infant pig and the human.

MATERIALS AND METHODS

Concentrated HCl was purchased from Fisher Scientific Co.
(Pittsburgh, PA). Enzyme inhibitors, DNase I (type V), RNase
(type III-A), Trizma, sodium azide, CsCl, carbohydrate stand-
ards, and all analytical procedure chemicals, with the exception
of the bicinchoninic acid protein reagent (Pierce, Rockford, IL),
were purchased from Sigma Chemical Co. (St. Louis, MO). The
Bio-Gel 40XL analytical column and guard columns were pur-
chased from Bio-Rad Laboratories (Richmond, CA).

Colons were taken from Pitman-Moore/Hanford strain mini-
pigs (Bastrop Farms, Bastrop, TX) used as controls for other
studies. None of the animals had received medications. All
protocols were approved by the Animal Care and Use Committee
of Baylor College of Medicine and were conducted in accordance
with the National Research Council’s guide for the Care and Use
of Laboratory Animals.

Design. We compared the composition of the colonic mucins
of 21-d-old sow-fed pigs with that of artificially fed pigs and with
that of newborn and 180-d-old (mature) animals. The pigs were
assigned to one of five groups: group 1 (newborn) animals were
killed immediately after birth and before they received any
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feeding; group 2 animals were weaned at 3 d of age, fed an
artificial formula, and killed at 7 d of age; group 3 animals were
weaned at 3 d of age, fed an artificial formula, and killed at 21 d
of age; group 4 animals were sow-fed until they were killed at 21
d of age, and group 5 (mature) animals were weaned at 28 to 42
d of age and killed at 180 d (Table 1).

Feeding regimen. Animals from group 2 (killed at 7 d) and
group 3 (killed at 21 d) were weaned to a standard swine weaning
formula (Soweena, Merrick’s, Union Center, WI) at 3 d of age
(Table 1). The formula is similar to sow milk in protein, fat, and
carbohydrate (lactose) content. Animals in group 5 (killed at 180
d) were weaned to an adult pig food diet.

Colonic scrapings. Colonic mucosal scrapings were obtained
from three different litters of pigs at birth and at 7, 21, and 180
d of age. Because of the small quantity of material obtained from
newborn and 7-d-old animals, each of the three samples from
these two age groups consisted of pooled scrapings from more
than one animal of the same litter; i.e. for newborn pigs, one
sample resulted from the pooling of the scrapings from three
colons, another one from five, and the third sample from the
pooling of nine colons (Table 1). For animals in the 7-d-old
group, one sample consisted of colonic scrapings obtained from
a single animal and the other two samples from two littermates
each.

Preparation of colonic mucins. Colons were taken from animals
within | h of their death. The abdominal cavity was opened, and
the colon was removed and extensively washed with a solution
of cold PBS that contained 2 mmol/L phenylmethylsulfonylfluo-
ride, 3.0 mmol/L sodium azide, 10 mmol/L N-ethylmaleimide,
and 10 mmol/L sodium EDTA. The colon was opened along its
longitudinal axis, and the mucosa was scraped with a glass slide.
Scrapings were stored in 10 mmol/L Tris-Cl buffer (pH 8.0, 3.0
mmol/L sodium azide) at —=70°C until processing.

Mucins were purified using a previously described method (8).
Briefly, the scrapings were homogenized for 30 s with a Tekmar
Tissumizer Mark II (Cincinnati, OH), and centrifuged at 34 000
rpm for 1 h at 4°C. The supernatant was dialyzed against Milli-
Q water for 2 d and lyophilized. The sample was then incubated
for 16 h at ambient temperature in PBS that contained bovine
DNase I and bovine RNase III-A at a final concentration of 50
ug/mL, pH 7.0, with 3.0 mmol/L sodium azide and 10 mmol/
L magnesium sulfate. After incubation, the mixture was centri-
fuged at 13 000 rpm for 30 min. The supernatant was dialyzed
against water and freeze-dried.

High-performance size-exclusion chromatography was per-
formed on the colonic mucin preparations after RNase and
DNase treatment as previously described (8). Briefly, a Bio-Gel
TSK 40XL (300 X 7.5 mm, 10-um) column was used to separate
each mucin preparation. The column was equilibrated with 50
mmol/L Tris-Cl buffer (pH 8.0), and the proteins were elute
with the same buffer at a flow rate of 1.0 mL/min; the absorbanc
at 230 nm was used to detect the glycoproteins/proteins. Six mi
after injection, 250-uL fractions were collected every '< -~ -
min. After separation of the sample, a 20-uL aliquot was
from each fraction and analyzed by high-performance s.
sion chromatography; the protein-containing fractions that con:
tained the excluded volume were pooled, dialyzed against water,
and lyophilized. The sample was then dissolved in 15 mL of a
4.04-mol/L CsCl PBS solution; the final density of CsCl was 1.42

Table 1. Age, diet, and number of animals used to pre
sample studied

. . Samples

Age (d) Diet Animals/sample studied
0 None 3,5 and 9 3
7 Soweena 1,2,and 2 3
21 Soweena 1 6
21 Sow milk 1 3
180 Sow milk, food 1 3
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g/mL. Density-gradient ultracentrifugation was performed on a
Beckman centrifuge (model L2-70 M, Palo Alto, CA) using a
vertical-rotor VTi 50. The sample was spun at 36 000 X g for 48
h at 4°C. The density of each fraction was determined by weighing
a 100-uL aliquot. After extensive dialysis against water to remove
CsCl, the absorbances at 230 and 260 nm, and neutral hexose
values were determined. High-density fractions containing both
proteins and carbohydrates were pooled and defined as purified
colonic mucins.

Analytical procedures. Proteins were monitored by absorbance
at 280 and 230 nm, and concentrations were measured using the
bicinchoninic acid method (9). Neutral hexoses were measured
using the phenol-sulfuric acid method with galactose as a stand-
ard (10). RNA content was assessed by measuring the absorbance
at 260 and 232 nm (11). The DNA content was determined
using a fluorimetric method (12). The glucuronic acid content
was measured using the method of Bitter and Muir (13).

Hydrolysis of 5 ug of mucin glycoprotein for the analysis of
neutral sugars and aminosugars was carried out using a gas-phase
method (14). After hydrolysis, a 50-uL sample was analyzed by
chromatography on a Dionex {(Sunnyvale, CA) Carbopak anion-
exchange column. An isocratic mobile phase consisting of 16
mmol/L NaOH at 1.0 mL/min was used to elute the monosac-
charides, which were subsequently detected by a Dionex pulsed
amperometric detector using a gold electrode.

Sialic acid was determined after hydrolysis by the method of
Warren (30 ug mucin) with 100 mmol/L H,SOs for 1 h at 80°C
(15).

Mucins (30 ug) were hydrolyzed with 4.89 mol/L formic acid
for 24 h at 100°C, and sulfate was quantitated by chromatography
on a Waters IC-PAK anion exchange column (Waters Associates,
Milford, MA). Elution was carried out with borate/gluconate as
the mobile phase at a flow rate of 0.8 mL/min; sulfate was
detected using a Waters 430 conductivity detector (16).

Data analysis. An unpaired ¢ test was used to determine
whether differences existed between the experimental groups.

RESULTS

All purified mucin samples were free of DNA, RNA, and
glucuronic acid, and the recovery of mucins ranged from 15.6 to
143 ug of protein. In addition, SDS-PAGE (under denaturing
conditions) of 2.66 ug of the mucin protein (d 0, 7, 21, and 180)
revealed no lower molecular weight proteins or glycoproteins.
Furthermore, none of the mucin samples entered the separating
gel, which indicates that all mucin samples had a high molecular
weight (Fig. 1). We did not assess the purity of the mucins by
amino acid analysis.
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Fig. 1. SDS-PAGE (under denaturing conditions) of 2.66 ug of the
mucin protein [d 0 (newborns), 7, 21, and 180] revealed no lower
molecular weight proteins or glycoproteins. Furthermore, none of the
mucin samples entered the separating gel, which indicates that all mucin
samples had a high molecular weight.
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The monosaccharide, sulfate, and protein contents of the
mucins were expressed in mass terms (%, wt/wt) rather than
moles. Although all the mucins were excluded on the Bio-Gel
TSK 40XL column (exclusion limit =4000 kD), the molecular
mass of each preparation was not determined. The mucin com-
position of the 7-d-old animals was unchanged from that of the
newborn piglets. No changes related to age or type of feeding
were observed in the mucin contents of the monosaccharides
galactosamine and galactose. Mucins from the 21-d-old animals,
whether artificially fed (p = 0.04) or sow-fed (p = 0.002), had a
significantly higher amount of fucose than mucins from the
newborn animals (Fig. 2). The fucose content of mucins from
the 21-d-old, sow-fed group was 48% greater (p < 0.05) than
that from the 21-d-old, artificially fed group. The fucose content
in the mature mucins was 41% higher (p = 0.004) than that in
the 21-d-old, sow-fed piglets and 60% higher than that in the 21-
d-old, artificially fed piglets.

Mucins from the 21-d-old, sow-fed piglets contained signifi-
cantly higher amounts of glucosamine than those from newborn
animals (27%, p = 0.00), amounts similar to those found in the
mucins of the mature pigs. The glucosamine content of mucins
from the 21-d-old, sow-fed pigs was 22% greater than that from
the artificially fed pigs of the same age (p = 0.03), in which
glucosamine content was not significantly different from that in
newborn animals.

In 21-d-old piglets on either diet, the amount of sialic acid had
decreased from the amount in newborn piglets (p = 0.008). In
the mature pigs, however, the amount of sialic acid in mucins
had returned to a level similar to that found in newborn piglets.

In 21-d-old, sow-fed piglets, the amount of sulfate was signifi-
cantly lower (136%, p = 0.004) than in newborn piglets; such
was not the case, however, in 21-d-old, artificially fed piglets. An
even smaller amount of sulfate was found in the mucins of
mature animals.

The protein content of colonic mucins from the 21-d-old
piglets in both diet groups was significantly lower than that in
newborn piglets (p = 0.01), and protein content in the mature
pigs was 107% lower than that in 21-d-old piglets (p = 0.006 for
sow-fed and 0.016 for artificially fed). The overall increase in the
total carbohydrate content and decrease in the protein content
of mucins in mature animals resulted in a carbohydrate:protein
ratio twice as large as that in the 21-d-olds and three times as
large as that in the newborns.
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Fig. 2. Relative amounts (%, wt/wt) of monosaccharides, sulfate, and
protein in colonic mucins from four groups of pigs: newborns (never
fed), 21-d-olds (artificially fed), 21-d-olds (sow-fed), and 180-d-olds
{weaned). Only mucin components that varied significantly with age or
diet are represented. ¢, d O and 21, artificially fed, significantly different
from each other (p < 0.05); b, d 0 and 21, sow-fed, significantly different
from each other (p < 0.05); ¢, d 180 and 21, sow-fed, significantly
different from each other (p < 0.05); d, d 21, sow-fed and artificially fed,
significantly different from each other (p < 0.05).
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DISCUSSION

Mucins are high-molecular-weight (>2 - 10® D), highly glyco-
sylated (>70-80% carbohydrate by weight) glycoproteins that
contain various amounts of sulfate and have various ratios of
constituent monosaccharides in their carbohydrate moieties,
mainly sialic acid, galactose, fucose, N-acetylglucosamine, and
N-acetylgalactosamine. The latter is joined by O-glycosidic link-
ages to the core protein, which is typically rich in serine and
threonine (1).

Colonic mucins probably function as mucosal lubricants and
protection against infection. The establishment of a mucin-
degrading flora in the human colon is a gradual process that
begins in some infants as early as 3 mo of age (17, 18). In the
study of structures as complex as mucins, it may be difficult to
determine whether changes in composition are the result of
differences in their synthesis or bacterial degradation or of the
analytical techniques used. To avoid the latter possibility, the
material that we purified from pig colonic mucosal scrapings was
obtained without the use of proteolytic enzymes, reducing agents,
sonication, or other techniques known to fragment mucins.
Purified substances were identified as mucins based on the
following criteria: absence of nucleic acids (DNA and RNA),
absence of glucuronic acid (indicating no significant contami-
nation by glycosaminoglycans), absence of glucose and mannose
(determined by anion-exchange chromatography), presence of a
high-density fraction (determined by CsCl equilibrium centrifu-
gation), and presence of a compatible carbohydrate composition.
The biochemical characteristics of the purified mucins reported
here are similar to those reported in several previous studies of
colonic mucins (19-21). Although the descriptions of the com-
position of colonic mucin vary in the literature, probably as a
result of different purification techniques and species differences,
our results in the 180-d-old pigs (mature mucins) are comparable
to those of Marshall et al. (21), who used the same purification
techniques but did not describe the age or diet of the pigs. The
main differences in the results of the two studies are in the fucose
and glucosamine contents; the contents of both were lower in
the Marshall study than in our mature animals (fucose, 10.4
versus 18.6%; glucosamine, 23.9 versus 35%). However, we
observed that both components can be affected by age and diet.

Little information is available about the developmental pattern
of gastrointestinal mucins and the effect that diet may have on
their composition. To our knowledge, the present study is the
first to show significant differences in the composition of colonic
mucins as a result of differences in diet and age. Our findings
indicate that significantly more fucose and glucosamine and less
sulfate were found in the mucins of the 21-d-old, sow-fed pigs
when compared with mucins of the artificially fed animals of the
same age. The proportion of glucosamine in the mucins of sow-
fed animals was not significantly different from that in the
mature pigs. In addition, the proportions of fucose and glucosa-
mine in the mucins of 21-d-old sow-fed animals were more like
those in the mature animals than were those in the 21-d-old
artificially fed animals.

In the mucins of 21-d-old animals, irrespective of diet, i.e.
strictly as an effect of age, fucose was significantly increased and
sialic acid and protein decreased when compared with the mucins
of newborn animals. Further significant changes occurred in the
amounts of fucose, sulfate, and protein when mature and new-
born mucins were compared.

Shub et al. (22) described differences in physical properties of
newborn and adult mucous glycoprotein from rat small intestine.
The buoyant density of rat mucins in CsCl and the mobility of
mucins on SDS-PAGE increased progressively and markedly
between 14 and 21 d of age. The functional significance of these
differences is not known, but the increases coincide with weaning
and occur as other intestinal biochemical functions reach matu-
rity and the secretagogue activity of goblet cells changes (23).
These age-related changes in the physical properties of mucus
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may contribute to the maturation of the barrier function of the
rat intestinal mucosa, which also occurs in rats between 14 and
21 d of age. Shub et al. (24) also showed age-related changes in
the composition of rat small-intestinal mucin. Newborn rat
mucin contained more total protein than adult rat mucin (27
versus 18%); it also had less total carbohydrate and fewer fucose
and galactosamine residues than mucin from adult rats. The
sulfate content was greater in mucin from newborn rats (5.5
versus 0.9%). The decrease in sulfate content with age is consist-
ent with the speculation that a higher degree of sulfation is
characteristic of mucous glycoproteins secreted by “immature”
goblet cells (25). The developmental changes in rat small-intes-
tinal mucin are similar to those in our study of pig colonic
mucin.

Widdowson et al. (26) determined that at birth the piglet has
goblet cells in each part of its intestine, some of which are ready
for discharge and some of which are “immature”. After 24 h, a
large proportion of those in the duodenum discharge and are
replaced by a new generation of goblet cells. Similar changes
take place much more slowly in the large intestine; no important
changes are observed before 10 d of age, a fact that may explain
the minimal differences in the biochemical composition of co-
lonic mucins that we observed during the first week after the
piglets were born.

The age- and diet-related composition of colonic mucin might
be a factor in the greater frequency of gastrointestinal infections
in immature and/or weaned infants (5). It has been demonstrated
that fucose inhibits the adherence of Shigella flexneri to guinea
pig colon (27); fucose may also alter the motility of Entamoeba
histolytica in the large bowel (28). Thus, a lower fucose content
in mucins (as in the more immature and the artificially fed
piglets in our study) may effectively reduce the capacity of mucins
to protect the gastrointestinal tract from infection.

In summary, our results demonstrate that age and diet affect
the composition of mucous glycoproteins from pig colon. These
age- and diet-related changes in colonic mucin composition may
affect a mammal’s ability to defend itself against intestinal infec-
tion.
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