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The colon is subjected to a myriad of potentially damaging agents that may reside within the
lumen for 1-2d. Its first line of defence against these agents is the protective mucus bilayer that
lines the entire colonic mucosa. This bilayer acts as a physical barrier to mucosal aggressors and
also reduces shear stress to the mucosa. These actions are dependent on the unstimulated
(‘resting’) colonic mucus thickness, and also on the rate that this layer can be replenished. The
colonic mucus layer is altered in a number of colonic diseases that have been linked to a deficiency
of fibre in the diet. The action of fibre intake on colonic mucus thickness and secretion is
unknown. Using an in vivo rat model it has been demonstrated that: (1) fibre deficiency leads to a
decreased protective potential of the mucus layer (e.g. the mean resting mucus thickness of the
fibre-deficient group (429 um) was significantly lower than its respective control (579 um;
P<0-001), as was its total mucus secretion over 6 h (270 um v. 541 um; P<0-01); (2) specific
fibre types in the diet alter the secretion dynamics of colonic mucus (e.g. a cellulose-based diet
reduces total mucus secretion over 6 h compared with its control (175 wm v. 463 um). Analysis of
the diets suggested a necessity for both soluble and insoluble fibre types in the diet to increase
mucosal protection.

Dietary fibre: Colonic mucus: Mucosal protection

Dietary fibre intake has been linked to colonic disease
for approximately 50 years (Burkitt, 1952). The mechanism
of this association is not well understood. A wealth of
evidence exists for the effects of dietary fibres on
decreasing toxicity of colonic lumen contents in a variety
of ways (Harris et al. 1998; Karakaya & Kavas, 1999;
Blackwood et al. 2000), as well as their beneficial
interactions with lower bowel bacteria (Bengmark, 2000;
Roberfroid, 2001).

The colonic mucus barrier

The mucosa expends large amounts of energy to produce a
protective covering of mucus (synthesis of each mucin
molecule requires >43000 ATP molecules). Recent in vivo
studies have shown the mucus layer to be a bilayered
system that protects the mucosa through two mechanisms
(Strugala et al. 1999). The outer layer, which can be
removed by suction has been termed the non-adherent
mucus layer (Brownlee ef al. 2002). This layer is believed

to be vital in reducing shear stress to the mucosa (Allen
et al. 1988). The constant removal of this weak gel layer
invivo may also act to trap mucosal aggressors (e.g.
bacteria, endogenous proteases, secondary bile acids) and
return them to the lumen. The underlying adherent layer
(which cannot be removed by suction) acts as a size-
exclusion barrier to damaging luminal agents. This barrier
must still allow the colonic uptake of water, salt and short-
chain fatty acids (the absorptive functions of the colon),
while at the same time preventing access of larger molecules
to the mucosa. This system is especially important in
stopping digestion of the colonic wall by both host and
bacterial enzymes. In effect, this layer can be seen as a
selectively-permeable partition between the mucosa and the
luminal contents.

Primary to mucus layer function is the unstimulated
thickness (‘resting’ mucus thickness) and the rate at which
the mucus layer may be replenished after removal. These
values may also be interpreted as indices of mucosal health
and function.
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Fig. 1. MUC2 monomeric glycoprotein structure. (s), Cysteine-rich
domain; (zz), O-glycosylation regions. (Adapted from Allen et al.
1998; Desseyn et al. 2000; Dekker et al. 2002.)

Mucus structure

The functional component of mucus gels is mucin, a glyco-
protein that makes up approximately 40 mg/g mucus wet
weight (Allen et al. 1988). Four of the five known secretory
mucins are localised to chromosomal location 11p-155
(Desseyn et al. 2000; Dekker et al. 2002), including MUC2,
which is the major mucin found in the colon. Secretory
mucins share a number of similar structures that are directly
related to their function (see Fig. 1).

The most obvious feature of mucins is the presence of a
length of repeating protein sequence rich in threonine and/or
serine and proline, referred to as the variable number
tandem repeat (Allen et al. 1998). This repeat sequence is
the major site for o-glycosylation on mucin molecules. In
the human colon carbohydrate chains are of five to twelve
sugars in length, and contain a relatively high ratio of
negative sugars, thus endowing colonic mucus with an
overall negative charge.

Key to the gel-forming properties of mucin molecules is
their ability to polymerise. This process is mediated by a
number of cysteine-rich areas at the C- and N-termini of the
protein core, allowing disulfide bridge formation.

The colonic mucus layer has been measured in vivo in rats
and is approximately 500 um thick (Atuma et al. 2001),
approximately 400 um of which is non-adherent mucus. Due
to experimental limitations, similar measurements in human
subjects are not possible. Mucus thickness measurements
taken by conventional histology largely underestimate this
thickness (for further details, see Strugala et al. 2003), and
do not allow dynamic mucus secretion measurements to be
made.

The aims of this ongoing study are: (a) to test whether
inclusion of fibre in the diet has an effect on the mucus
layer’s protective potential in vivo; (b) to characterise the
properties of dietary fibre that may be important in these
effects.

Methods

Groups of ten male Wistar rats were each fed different fibre-
containing diets (approximately 140 g fibre/kg diet) over 8
weeks. This study was done in two stages, each stage
containing a control group (control 1 and 2 respectively) and
two test diets. Table 1 shows the fibre content of each
diet, as estimated by the Englyst procedure (Englyst &
Cummings, 1984).

During the feeding period body weight, faecal output
and food and water intake were measured. Both food and
water were available ad libitum. At the end of the feeding
period the rats were starved overnight (16—17h). Colon
mucus thickness measurements were subsequently made on
terminally-anaesthetised rats using a previously described
intravital microscopy technique (Atuma et al. 2001) over a
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Table 1. Total fibre content (g/kg) of diets used in feeding trials*

Diet Soluble Insoluble Total
Control 1 338 155-2 1889
Control 2 317 125 156-7
Ispaghula 130-5 21-2 1517
Pectin 1232 5-9 129

Cellulose 61 152-8 158-9
Fibre-deficient 21 27 4-8

*Total fibre content is given by summing the fibre content of the fractions that
are not soluble in boiling phosphate buffer (insoluble), and those that are
(soluble), using the methodology of Englyst & Cummings (1984).

6h time course. During the first hour of measurement a
plateau level of mucus thickness, termed the ‘resting’” mucus
thickness, was observed. After 1h, the non-adherent layer
was removed by suction, and further measurements taken. If
the mucus layer returned to its ‘resting’ thickness over three
consecutive readings (i.e. for 20 min), then the suction was
repeated, and measurements continued.

The adherent mucus thickness was taken as that which
was left immediately after suction. By subtracting this value
from the ‘resting’ thickness, the non-adherent thickness was
calculated. Total mucus secretion was measured as mucus
thickness increase per unit time. Statistical differences
between the respective control groups and their test diets,
as well as differences between test groups, were tested
using one-way ANOVA and a Tukey post-test if significant
differences (P <0-05) were present.

Results
Resting thickness

The colons of rats fed on cellulose and fibre-deficient diets
had significantly lower resting mucus thicknesses than those
for all other test diets (P <0-01) and their respective controls
(P<0-001; Fig. 2). The resting colon mucus thickness for
the pectin diet was lower than that for the ispaghula diet
(P<0-05), and for both diets they were lower than those for
their respective control groups (P<0-05). Controls 1 and 2
were not significantly different (Fig. 2).

Adherent thickness

The rats fed on an ispaghula diet had a significantly thicker
adherent layer than those fed on the fibre-deficient diet
(205 um v. 154 um; P <0-05; Fig. 3).

Non-adherent thickness

The fibre-deficient group had a significantly thinner non-
adherent layer than control group 1 (247um v. 375 um;
P<0-05; Fig. 4).

Total mucus secretion

On initial analysis the data could be divided into two groups,
with pectin, cellulose and fibre-deficient diets all secreting
relatively low levels of colonic mucus over time. The two
controls and the ispaghula diet formed another group with a
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Fig. 2. Effect of dietary fibre type on mean resting colonic music
thickness. (a) Effect of a fibre-deficient diet (¥) and an ispaghula-
enriched diet () on resting mucus thickness compared with a stand-
ard rodent diet (control 1; O). (b) Effect of pectin (#) and cellulose
(VW) compared with a standard rodent diet (control 2; O). Values are
means with their standard errors represented by vertical bars. For
details of diets and procedures, see Table 1 and p. 246.
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Fig. 3. Effect of dietary fibre type on mean adherent colonic mucus
thickness. (#%), Control diets 1 and 2; (=), ispaghula diet; (z), fibre-
deficient (FD) diet; (=), pectin diet; (s), cellulose diet. Values are
means with their standard errors represented by vertical bars. For
details of diets and procedures, see Table 1 and p. 246. The
adherent colonic mucus thickness for the FD diet was significantly
lower than that for the ispaghula diet: * P<0-05.
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Fig. 4. Effect of dietary fibre type on mean non-adherent colonic
mucus thickness. (¥), Control diets 1 and 2; (=), ispaghula diet; (=),
fibre-deficient (FD) diet; (=), pectin diet; (¥), cellulose diet. Values
are means with their standard errors represented by vertical bars. For
details of diets and procedures, see Table 1 and p. 246. The non-
adherent colonic mucus thickness for FD diet was significantly lower
than that for its control (control 1): *P<0-05.

Control 1 Ispaghula FD Control 2 Pectin  Cellulose

higher total mucus secretion. The animals fed on fibre-
deficient, cellulose- or pectin-enriched diets had signifi-
cantly less (P<0-01) total mucus secretion than their
respective control group (control 1 for fibre-deficient,
control 2 for cellulose and pectin) and the ispaghula-fed
group (Fig. 5).

Discussion

The fibre-deficient, pectin and cellulose groups all displayed
a decreased protective potential in their colonic mucus layer.
This decreased potential was demonstrated by a thinner
resting mucus thickness and a decreased secretory response.
The two diets with relatively high levels of both soluble and
insoluble fibres (i.e. the controls (1 and 2) and ispaghula; see
Table 1) demonstrated a thicker resting mucus layer and a
colonic mucosa with an enhanced ability to replace mucus.
The modulation of colonic barrier function by dietary fibre
may be the key to its role in decreasing colonic mucosal
disease, although the mechanism is unclear. Previous
evidence has suggested there could be a direct inter-
molecular interaction between certain dietary fibre types
and colonic mucin in vitro (Brownlee et al. 2001), and this
interaction could lead to a thickening of the mucus barrier
in vivo.

In the colon there are a number of other areas where fibre
in the diet could have an effect on the colonic mucus
layer. Complex carbohydrates from dietary fibre could be
absorbed via colonic antigen-presenting cells, and result in
mucus production stimulation.

An increased distension of the colonic wall is known to
bring about increased smooth muscle activity (Shafik ez al.
2002). Mucus production could also be triggered and
sustained by the same mechanism, in order to ease the
passage of faeces along the colon and decrease the risk of
mucosal damage.

Another key factor in colonic health is the microflora
that reside in the colon. These micro-organisms metabolise
undigested products (i.e. dietary fibre) in the colon. If there
i1s an absence of fibre in the diet, or if the bacteria cannot
metabolise the fibre in the diet (e.g. cellulose), then it is


https://doi.org/10.1079/PNS2003206

248 1. A. Brownlee et al.

1-0

0-8
07 -
06 -
05
04 —
0-3
0-2 -
01+

Mucus secretion (mm)

0-0 Le—1 1 1 1 1 1 1 1 1 1
60 90 120 150 180 210 240 270 300 330 360

Time period (min)

1-0
0-9

07
0-6
05
04
03
02
01k

00 I I I I I I I I I I
60 90 120 150 180 210 240 270 300 330 360

Time period (min)

Mucus secretion (mm)

Fig. 5. Effect of dietary fibre type on mean colonic mucus replenish-
ment rates. Values are means with their standard errors represented
by vertical bars. For details of diets and procedures, see Table 1 and
p. 246. (a) Effect of a fibre-deficient (FD) diet (¥) and an ispaghula-
enriched diet (®) on mucus secretion compared with a standard
rodent diet (control 1; @). The replenishment rate for the FD diet was
significantly lower than that for its control (control 1): ** P<0-01. (b)
Effect of pectin (¥) and cellulose (¥) compared with a standard
rodent diet (control 2; @). The replenishment rates for the cellulose
and pectin diets were significantly lower than that for their control
(control 2): **P<0-01. The replenishment rates for all other test (i.e.
not control) diets were significantly lower than that for ispaghula: 1+
P<0-01.

possible that bacteria that live on the other major energy
sources in the colon (e.g. the mucus layer) will begin to
thrive. This situation could lead to increased rates of
mucus degradation, linked to a less-well-protected mucosa,
resulting in bacterial access to the mucosa.

Some products of bacterial metabolism have been shown
to be beneficial to the colon in a number of ways (Mclntyre
et al. 1993; Ichikawa & Sakata, 1997). The absence of a
fermentable substrate would lead to decreased levels of
these compounds, potentially leading to a lumen envi-
ronment that is more aggressive to the mucosa.

Dietary fibre type has also been linked to increased
binding of potentially-damaging agents in the colonic
lumen (Owen, 1997; Harris et al. 1998; Jenkins ef al. 2001).
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Potentially, an increase in the number, or a change in types,
of dietary fibres might lead to binding of a wider range of
lumen mucosal aggressors, thereby decreasing the exposure
time of the colonic mucosa to these agents.

Overall, our results suggest that inclusion of substantial
amounts of both soluble and insoluble fibre types in the
diet benefits colonic health by increasing the protective
properties of the colonic mucus layer.

Future work

Using the same model described in the present paper, the
effects of a number of different dietary fibres on the
colonic mucus layer as a means of measuring colonic
health can be tested. This investigation, together with a
study of the biochemical and biophysical properties of
these complex carbohydrates, will make it possible to
define the properties of dietary fibre that are most
important to colonic well-being.

It is essential to understand the interactions between all
the elements involved in colonic health and disease. To
achieve this objective is not a minor undertaking, and
requires the expertise in a number of fields that can only be
achieved through a multidisciplinary approach at a number
of research centres. Due to our links with the Reckitt
Benckiser Multicentre Lower Bowel Research network, we
can currently carry out such a research programme.
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