A short-term ingestion of fructo-oligosaccharides
increases immunoglobulin A and mucin
concentrations in the rat cecum, but the effects
are attenuated with the prolonged ingestion
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We examined the effects of fructo-oligosaccharides (FOS) on IgA and mucin
secretion in the rat cecum after different ingestion periods. Rats were fed a control diet
or a diet containing FOS for 1, 2, 4, and 8 wk. FOS ingestion greatly increased IgA and
mucin concentrations at 1 and 2 wk, but the effects were disappeared or attenuated at 4
and 8 wk. After 1 wk, FOS induced higher lactobacilli and lactate concentrations and
lower cecal pH in the cecum, but the alterations were moderated with the prolonged
ingestion accompanying with increasing short-chain fatty acid concentrations. At 1 and
2 wk, FOS increased IgA plasma cells and pIgR expression in the cecal mucosa and
strongly depressed fecal mucinase activities related to the lower cecal pH. These
findings may explain the FOS-induced early elevation of IgA and mucin. Clearly, FOS
effects on IgA and mucin secretion considerably differ depending on the ingestion

period.

Keywords: Fructo-oligosaccharides; Immunoglobulin A; Mucin; Cecum; Rats.
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Recent studies in animals and humans showed that ingestion of prebiotics such
as fructo-oligosaccharides (FOS) and galacto-oligosaccharides exerts beneficial effects
on gut health either directly or indirectly through the production of short-chain fatty acids
(SCFA) and the stimulated proliferation of lactic acid-producing bacteria (LAB) such as
lactobacilli and bifidobacteria. [1, 2] Among the beneficial effects on gut health,
increased secretion of IgA and mucin into the intestine is likely to be of most importance
for the maintenance of mucosal barrier function. Indeed, secreted IgA promotes immune
exclusion by entrapping dietary antigens and microorganisms in the mucus, [3] while
mucin is a key component of the mucus and functions as a physical barrier that prevents
potential pathogens and antigens from gaining access to the underlying epithelium and
also serves as a reservoir for IgA. [4]

Our previous studies in rats fed inulin-type fructans with different degrees of
polymerization (DP) at dietary level of 6% for 2 wk showed that lower DP fructans, FOS
in particular, enhanced cecal IgA secretion and increased the IgA plasma cells in the cecal
mucosa and suggested that the increased lactobacilli may contribute to the stimulation of
cecal IgA secretion. [5] Also, the higher DP fructans predominantly enhanced cecal
mucin productions that were likely to respond to cecal SCFA production, whereas IgA
increases when fermentation occurred rapidly and lactate was a major fermentation
product. [6] Several authors have also suggested possible relevance of LAB and SCFA to
the enhanced intestinal secretion of IgA [7-9] and mucin [10, 11] in human and animal
experiments.

In this connection, Le Blay et al. showed that the fermentation products and the
population of LAB in rats fed 9% FOS diet differed considerably depending on the
ingestion period. [12] The FOS-induced increase in the intestinal numbers of LAB at 2

wk was abolished at 8 and 27 wk, but the cecal concentrations of SCFA, butyrate in
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particular, increased in the time-dependent manner and this butyrogenic property of
FOS was maintained at 27 wk. These findings implicate that long-term “functional”
effects of FOS could differ from short-term effects if the changes in LAB numbers and
SCFA concentrations are prerequisite for the enhanced production and secretion of IgA
and mucin. [2]

Hosono et al. studied the effect of dietary FOS on fecal IgA excretion in adult
mice during 4 wk, and indicated that 7.5% FOS in diet significantly elevated the fecal
IgA excretion at 2 wk, but the effect appeared to be transient. [ 13] Similarly, a transient
increase in fecal IgA concentrations was observed in mice that received FOS
administration for 3 wk after weaning. [14] However, no further information is available
for FOS effect on intestinal IgA secretion with respect to the ingestion period. Moreover,
the study for the relevance of a prolonged ingestion of FOS and mucin secretion is
scarce. Clearly, a long-term experiment is required for further understanding of the
potential benefits of FOS on the gut health, because most of the diseases related to the
alterations of mucosal barrier function tend to chronically progress. [15, 16]

The aim of the present study is to examine the effects of FOS on IgA and
mucin secretion related to the fermentation products and LAB counts in the rat cecum
after different periods of ingestion (1, 2, 4, and 8 wk; experiment 1), and to analyze the
results from the aspects of IgA plasma cell ratio and gene expressions of polymeric
immunoglobulin receptor (pIgR) and Muc 2 in the cecal mucosa at 1, 2 and 8 wk
(experiment 2). Besides the stimulatory factors for production and secretion of IgA and
mucin, their intestinal stabilities would be another important factor to determine IgA
and mucin concentrations in the intestine, because some bacterial species have been
shown to possess IgA proteases [17, 18] and mucin-related glycoprotein and

oligosaccharide degrading enzymes. [19, 20] Accordingly, we also examine the effects
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of FOS on the cecal IgA stability and the fecal mucinase activity at 1, 2 and 8 wk

(experiment 2).

Materials and Methods
Materials. FOS, composed of 44% 1-kestose, 46% nystose, and 10%
1-f-B-fructofuranosyl nystose (range; 2-4), was purchased from Meiji Seika (Meioligo®

P, Tokyo, Japan).

Care of animals. The study (No. 24-19) was approved by the Animal Use
Committee of Shizuoka University, and rats were maintained in accordance with the
guidelines for the care and use of laboratory animals of Shizuoka University. Male
Wistar (6 wk old) were purchased from Shizuoka Laboratory Animal Center (Shizuoka,
Japan). The rats were housed individually in screen-bottomed stainless-steel cages in a
temperature- (23 + 2°C) and light- (lights on from 07:00 to 19:00) controlled room. The
rats were acclimatized for 5 d and fed a control diet [21] formulated from 250 g/kg of
casein, 652.5 g/kg of cornstarch and 50 g/kg of corn oil. The remainder of the diet
consisted of vitamins including choline bitartrate (12.5 g/kg) and minerals (35 g/kg).
The compositions of vitamins and minerals were based on AIN-76. [22] The rats were
subsequently allocated to groups based on body weight in order to normalize body
weights across the groups. They were allowed free access to one of the experimental
diets (control and FOS diets) and water. The FOS diet was formulated by adding FOS to
the control diet at the expense of an equal amount of cornstarch. Accordingly, dietary
starch level differed in diets and was 592.5 g/kg for the FOS diet. Body weight and food

intake were recorded every morning before replenishing the diet.
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Experiment 1. After acclimatization, 48 rats, weighing 130-150 g, were
allocated to eight groups of 6 rats each and allowed free access to the control diet or
FOS diet for 1, 2, 4 or 8 wk. At the end of each experimental period, rats were killed by
decapitation, and the cecum was removed and weighed. Cecal contents were
homogenized and divided into two portions: one was used for analyses of pH, organic
acids, IgA and microbiota, and the other was freeze-dried for measurement of mucin.
The whole cecal tissue was used for separation of lamina propria mononuclear cells

(LPMC) and successive analysis of IgA plasma cells.

Experiment 2. After acclimatization, 72 rats weighing 130 - 153 g were
allocated to six groups of 12 rats and allowed free access to the control diet or FOS diet
for 1, 2 or 8 wk. Fresh feces (n = 12 per each group) were collected for the last 3 d of
each experimental period and used for the measurement of mucinase activity. At the end
of each experimental period, all of the rats were killed by decapitation, and the cecum
was removed and weighed. Cecal pH was measured. Then, a half of the rats (n = 6) in
each group were subjected to the analyses of concentrations of IgA and mucin in the
cecal contents. Also, the cecal mucosa was scraped with a glass slide and used for
isolation of total RNA and successive analyses of gene expression. For the remaining
rats (six rats per each group), the whole cecal tissue was excised and used for the
analysis of IgA plasma cells. The cecal contents were homogenized with 5 volume of
degassed-distilled water, and then filtered through two layers of gauze. 500 uL each of
the obtained filtrate were used for the measurement of IgA degradation rate; one was
immediately subjected to the determination of IgA (0-time incubation), and the others
were further incubated under nitrogen gas at 37°C for up to 6 h. After incubation, IgA

concentrations were determined and compared with values of 0 time-incubation.
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Immunoglobulin A analysis. Cecal contents (approx. 100 mg wet weight) were
homogenized using a Polytron (Central Scientific Commerce, Tokyo, Japan) for 1 min
in ice-cold PBS (100 mg cecal contents/ mL) containing a protease inhibitor (Complete,
Roche Diagnostics, Tokyo, Japan; one tablet / 50 mL phosphate-buffered saline) and
Tween-20 (5 g/L). The homogenate was centrifuged at 10,000 x g for 20 min at 4°C,
and the supernatant was stored at —80°C until analysis. After an appropriate dilution,
cecal IgA were determined by enzyme-linked immunosorbent assay as described

previously. [23]

Mucin analysis. The mucin fraction was isolated by the method as described
previously. [24] After an appropriate dilution of the mucin fraction, O-linked
oligosaccharide chains were measured as described previously. [25] Standard solutions
of N-acetylgalactosamine (Sigma-Aldrich, St. Louis, MO, USA) were used to calculate

the amount of oligosaccharide chains liberated from mucins during the procedure.

Flow cytometric analysis of IgA plasma cells. LPMC from the cecal tissue was
isolated by the method as described previously. [5] The LPMC were stained with
FITC-conjugated anti-rat [gA (MARA-1, AbD Serotec, Oxford, UK) and
PE-conjugated anti-rat CD45R (HIS24, BD Biosciences, San Diego, CA, USA) for 1 h
at 4°C. Stained cells were analyzed by Flow cytometer (EPICS-XL, Beckman Coulter,

Inc., CA, USA), and IgA plasma cells were defined as IgA"/CD45Riow cells. [26]

Cecal pH and organic acids. A portion of homogenate was diluted with the

same weight of distilled water, and then cecal pH was measured with a compact pH
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meter (Model C-1, Horiba, Tokyo, Japan). Cecal organic acids were measured by the

internal standard method using a HPLC. [21]

Quantification of bifidobacteria and lactobacilli in cecal contents by real-time
polymerase chain reaction (PCR). DNA was extracted from cecal contents using a fecal
DNA isolation kit (MO BIO Laboratories, Carlsbad, CA) according to the
manufacturer’s instructions. Amplification and detection of cecal DNA were performed
with Light Cycler ST-300 (Roche). Bifidobacterium genus-specific, [27] and
Lactobacillus genus-specific [28] primer pairs were used. Real-time PCR was
performed in the condition as described previously. [5] Bifidobacterium animalis (JCM
1190T) and Lactobacillus murinus (JCM 1717T) were cultured in De Man, Rogosa, and
Sharpe broth (Becton Dickinson, Rockville, MD), and the genomic DNA were extracted
by Isoplant-11 (Wako) according to the manufacturer’s instructions. Fragments of 16S
rDNA were amplified by with the Bifidobacterium or Lactobacillus genus specific
primer pairs. The amplicons were purified by the GFXe PCR DNA and Gel Band
Purification Kit (GE Healthcare Bioscience, Tokyo, Japan) and cloned in pPGEMEasy T
vectors (Promega, Madison, WI). Transformation was performed with competent
Escherichia coli XL-1 Blue cells plated onto Luria Bertani agar plates supplemented
with ampicillin (25 mg/mL), X-Gal (30 mg/mL) and isopropyl
-D-1-thiogalactopyranoside (20 mg/mL), and were incubated overnight at 37°C. White
transformants were picked and grown in Luria Bertani broth. Plasmid DNA was
extracted with a QIAprep Spin Miniprep Kit (Qiagen, Germantown, MD) and used as

standard for real-time PCR.

RNA isolation and quantitative RT-PCR. Total RNA isolation and quantitative
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RT-PCR were performed as previously described. [29] The primer pairs and protocols
for PCR of Muc2, [30] pIgR, [31] and 18S rRNA [32] have been previously reported.
18S rRNA was used as an endogenous reference gene. To confirm amplification
specificity, the PCR products from each primer pair were subjected to a melting curve
analysis. Gene expression was quantified using the comparative CT method, [33] and

the data were expressed relative to the control group.

Profile analysis of cecal microbiota by PCR-denaturing gradient gel
electrophoresis (DGGE). DNA samples were used as a template to amplify the
fragments of the 16S rRNA gene with the universal primers U968-GC and L1401, [34]
and DGGE analysis of the amplicon was carried out as previously described. [35]
Quantity One Software (version 4.6.0; Bio-Rad, Hercules, CA) was used for band
identification and normalization of band patterns from DGGE gels. A dendrogram
showing the similarity of band patterns was constructed using the unweighted
pair-group method with arithmetic mean clustering method in the Quantity One

Software as previously described. [36]

Mucinase activity. Fresh fecal pellets (approx. 100mg wet weight) were mixed
with an ice-cold 0.01 M sodium phosphate buffer (pH 7.5) at a ratio of 1:100 (w/v), and
used for mucinase assay by the method of Shiau and Chang [37] using porcine stomach
mucin as a substrate. Mucinase activities were expressed as reducing sugar liberated
from mucins during the procedure. Reducing sugar was measured by the
Nelson-Somogyi method [38] using glucose as a standard. Nitrogen contents of fecal
homogenate were determined by micro-Kjeldahl method. [39] Mucinase activity was

expressed as nmol glucose liberated / min / mg nitrogen.
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Statistical analyses. The statistical calculations were carried out using JMPS8
software (SAS Institute, Cary, NC). Split plot design ANOV A was used to assess the
effects of diet, time of exposure, and interactions between diet and time. Individual
means at each time point were compared by Student-t test (homogenous) or Welch’s-t
test (not homogenous) to assess the effects of diet. Statistical significance was accepted
at the p<0.05. Regression analyses were performed using the Stat Cel 2 program (Tokyo
Shoseki). When correlation coefficients were calculated, n was at the level of the diet,

not at the level of the individual rat.

Results

In experiment 1, food intake and body weight gain increased steadily until the
end of 8 wk. Except for 1 wk, there were no differences in food intake between the two
dietary groups (Table 1), while body weight gains were lower in rats fed the FOS diet
through the whole experimental period. Cecal tissue weight and cecal contents were
greater in rats fed the FOS diet than in those fed the control diet regardless of the time
period. Cecal pH in the FOS group was lower than in the control group during the
whole experimental period, but was steadily increased along with the time.
Concentrations of total SCFA in the FOS group increased along with the time, while
those in the control group did not change (Table 2). This increment in total SCFA in the
FOS group was mainly due to an increase of acetate and n-butyrate. Compared with the
control group, greater lactate concentration was manifest in the FOS group, but the
effect was decreased along with the time, while succinate concentration was greater in
the FOS group than in the control group regardless of the time period. As for lactic

acid-producing bacteria in the cecal contents, a strong increase in the numbers of
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Table 1
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lactobacilli was observed in the FOS group at 1 wk, but the effect was not maintained
with the time and disappeared within 8 wk of ingestion. There was a trend of the
increased number of bifidobacteria in the FOS group at 1 and 2 wk, but was fluctuated
considerably during the study.

The 16S rRNA gene profiles of the bacterial collections in the cecal samples
were generated by PCR coupled with DGGE. The DGGE band profiles of all rats were
subjected to the analysis. The intensity and position of detected bands were subjected to
cluster analysis (Fig. 1). The dendrogram showed that the gut microbiota composition
was different between rats fed the control and FOS diets at all of the time period, but
that of the control group were also changing along with the time until 8 wk. The
microbiota composition in rats fed the FOS diet for 8 wk were resemble to that in rats
fed the control diet for 8 wk rather than in those fed the FOS diet for 4 wk. Cecal IgA
concentrations in the FOS group were greater than in the control group at 1 and 2 wk,
but were gradually decreased along with the time and there were no differences at 4 and
8 wk (Fig. 2A). The ratio of IgA plasma cells (defined as cells with IgA" and
CD45Riow) in the cecal lamina propria were higher in the FOS group than in the control
group only at 1 and 2 wk (Fig. 2B). Cecal mucin concentrations were greater in the FOS

group than in the control group regardless of the time period. This FOS effect was

decreased along with time, but the significant difference was maintained until 8 wk (Fig.

2C).

In experiment 2, lower food intake and body weight gain were observed in rats
fed the FOS diet, but there were no differences in these indices between rats fed the
control and FOS diets at 8 wk (Table 3). Cecal variables including tissue weight,
content weight, and pH were higher and lower in rats fed the FOS diet than in those fed

the control diet regardless of the time period. Elevated concentrations of cecal IgA were

11

Table 2

Fig.1

Fig.2

Table 3
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reproduced in the FOS group at 1 and 2 wk, but the effects were disappeared at 8 wk
(Fig. 3A). As in the case of expt 1, IgA plasma cells in the cecal lamina propria were
higher in the FOS group than in the control group at 1 and 2 wk, but the differences
were disappeared at 8 wk. However, similar to the results of expt 1, there was a trend
that the ratio of IgA plasma cell in the FOS group maintained constant around 40%,
while that in the control group increased with the time period (Fig. 3B). The gene
expression of pIgR was enhanced in the FOS group at 1 and 2 wk than in the control
group (Fig. 3C). During the incubation of cecal contents at 37°C, cecal IgA was
degraded up to 40% (1 wk) and 50% (8 wk), but there were no differences in the
degradation rate between the control and FOS groups (Fig. 4). Elevated concentrations
of cecal mucin were reproduced in the FOS group at 1 and 2 wk. This FOS effect was
decreased with the time, but was maintained at 8 wk (Fig. 5A). The gene expression of
Muc? in the cecal tissue did not differ between the two groups regardless of the time
period (Fig. 5B). Fecal mucinase activity was higher in the control group than in the

FOS group at 1 and 2 wk, but the differences disappeared at 8 wk (Fig. 5C).

Discussion

The purpose of the present study is to examine the effects of FOS on IgA and
mucin secretion related to the fermentation products and LAB counts in the rat cecum
after different periods of ingestion. In consistent with our previous studies, [5, 6]
short-term ingestion of FOS greatly increased the cecal concentrations of IgA and
mucin in rats. However, these effects were attenuated along with a prolonged ingestion
of FOS. FOS effects on the IgA concentrations disappeared at 4 and 8 wk, while those
on the mucin concentrations remained significant until 8 wk, though the differences

from the control at 4 and 8 wk were small (expt 1). A similar trend of IgA and mucin
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responses to FOS ingestion was also observed in the expt 2. Little digestion of IgA and
mucin occurs before the large intestine, so that estimates of IgA and mucin in the cecal
contents are necessary to account for the sum of both small intestinal and cecal origin.
However, our previous studies showed that the amounts of IgA [5] and mucin [40] in
the small intestinal contents did not differ between in rats fed control and a diet
containing 6% FOS. The present results therefore suggest that the FOS-induced
increases in the cecal concentrations of IgA and mucin at 1 and 2 wk basically reflect
greater production and secretion in the cecum. Nevertheless, it is plausible to suggest
that the effects of FOS on the cecal concentrations of IgA and mucin considerably differ
depending on the ingestion period.

Considerable changes in the cecal fermentation variables were also observed in
rats fed the FOS diet during the different periods of ingestion. A prolonged ingestion of
FOS increased cecal SCFA concentrations, and decreased lactate concentrations
accompanying with increasing pH values and decreasing lactobacilli counts, while these
variables were not affected overtime in rats fed the control diet (expt 1). Additionally,
DGGE assay in the present study indicated that the microbiota composition in rats fed
the FOS diet was changing up to 8 wk. These results were qualitatively similar with the
previous results reported by Le Blay et al. [12] As for LAB proliferation with short-term
ingestion of FOS, our results are in accordance with the previous studies showing that
FOS increased the proportion of lactobacilli predominantly in healthy normal rats and
mice. ¥ 4D Meanwhile, other studies showed in normal rats and those associated with a
human fecal flora that FOS was bifidogenic. [42, 43] These discrepancies may be
originated from the differences in the initial number of bifidobacteria and/or lactobacilli
among the respective experiments. [44] In the present study, cecal population of

bifidobacteria was so fluctuated among individuals that we could not obtain enough data
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to analyze the physiological significance.

The alterations in cecal fermentation products and microbiota composition
during the prolonged ingestion of FOS seem to affect cecal IgA and mucin
concentrations. When correlation coefficients among fermentation variables were
calculated in the expt 1, cecal IgA concentrations were significantly correlated with
lactate concentrations (r= 0.77, p < 0.05), lactobacilli counts (r= 0.92, p < 0.005), and
pH values (r= - 0.84, p < 0.01) in the cecum, while cecal mucin concentrations showed
a weak correlation solely with cecal pH values (r=-0.68, p = 0.07). Although a
correlation is not necessarily a cause-and-effect relationship, Kudo et al. also indicated
that ingestion of rapidly fermentable fibers for 2 wk resulting in cecal lactate
accumulation and lowered pH value increased cecal IgA concentrations irrespective of
the chemical structures of the fermented fibers. [45, 46] Thus, our results and others
commonly suggest that the lowered cecal pH have relevance to the increased cecal IgA
concentration.

The causal relation between an early elevation of cecal IgA concentrations and
lactobacilli proliferation or lowered cecal pH values in rats fed FOS diet is still
remained unclear. However, the present study showed that IgA plasma cells in the cecal
mucosa significantly increased in rats fed the FOS diet at 1 and 2 wk. Moreover, it is
interest to note that although the ratio of IgA plasma cells in rats fed the FOS diet
maintained an elevated steady-level (around 40%) up to 8 wk, the FOS-induced early
elevation of cecal IgA concentrations returned to the control level at 8 wk. This simply
means that the degree of magnitude of the increased number of IgA plasma cells is not
necessary coincident with the cecal IgA concentrations in rats fed the FOS diet.
Following secretion, the polymeric form of IgA is transported by its receptor (pIgR)

across the epithelium to the mucosal surface. [47] In the present study, we found that a
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short-term ingestion of FOS, at 1 wk in particular, significantly increased pIgR
expression in the cecal tissue by three-fold compared with the control and that this
elevation returned to the control level at 8 wk. It is well established that expression of
plgR for IgA by epithelial cells is stimulated by IFN-y. [48] Regarding this, our previous
study showed that IFN- y secretion from the isolated CD4 T cells in cecal lamina
propria was up-regulated in rats fed a diet including 6% FOS diet for 2 wk. [5]
Collectively, it is reasonable to suggest that besides IgA plasma cells, the up-regulation
of plgR may be an important factor for the early elevation of cecal IgA concentrations in
rats fed the FOS diet.

As stated above, FOS-induced elevation of cecal IgA concentrations appear to
be a transient in adult rats. However, recent study by Gourbeyre et al. [49] suggested
that the combined exposure (perinatal and postweaning) to galacto-oligosaccharides
/inulin mix acted long-term (12 wk) and maintained higher fecal IgA level in mice,
suggesting that the prebiotic effect on the mucosal immune response might be most
effective in newborn animals. Human studies also showed that early-exposure of
non-breast-fed infants to oligosaccharides resulted in significantly higher fecal IgA
excretion than counterparts. [50, 51] Further investigations are needed to elucidate the
relationship between the effect of FOS on the intestinal IgA secretion and the timing of
commencement of FOS treatment.

Neither cecal concentration of acetate nor butyrate correlated with cecal mucin
concentrations in the expt 1. Prolonged ingestion of FOS showed significant increases
of total SCFA concentrations (butyrate in particular), but cecal mucin concentrations
showed a gradual decrease along with ingestion period of FOS. This is totally
unexpected, because previous studies suggested that butyrate and acetate caused a

significant increase in mucus secretion in the lumen of perfused-rat colon. [10, 11] Our
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previous study with inulin-type fructans with different DP also suggested that the higher
DP fructans predominantly enhanced cecal mucin productions that were likely to
respond to cecal SCFA production. [6] The reason for these disparities is unclear. In the
present study, however, we found that the fecal mucinase activities in rats fed the FOS
diet for 1 and 2 wk were strongly depressed by more than 80% compared with those fed
the control diet, but returned to the control level at 8 wk. As the results, cecal pH values
were positively related to mucinase activities (= 0.89, p < 0.01), and negatively related
to cecal mucin concentrations (r=- 0.91, p < 0.01). Shiau and Chang indicated that
ingestion of fermentable fibers, being considered to lower cecal pH values, decreased
the fecal mucinase activities in rats. [37] Further, in the present study, expressions of
Muc?2, a major secreted protein of the mucus, were not substantially changed by FOS
ingestion even at 8 wk (expt 2) where the concentrations of acetate and butyrate are
expected to be high from the results of the expt 1. Taken together, it seems reasonable to
assume that the early elevation of mucin concentrations by FOS ingestion is mainly due
to the strong suppression of mucinase activity related to the lowered cecal pH rather
than due to the contribution of SCFA. The lowered cecal pH could influence bacterial
mucinase activity by several factors. Supplying the bacteria with rapidly fermentable
substrate (FOS in the present study) may permit them to use it in place of mucin,
leading to the mucin-sparing effect and thereby the mucin accumulation in the cecum.
An alternative explanation for the effect of FOS on mucinase activity may be the
replacement of mucin-degrading bacteria by non-degrading species through the lowered
cecal pH. Regarding the disparity between our previous [6] and present results, what we
could only hypothesize is that there might have been differences in mucinase activities
among the inulin-type fructans with different DP.

In conclusion, a short-term ingestion of FOS greatly increased the cecal
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concentrations of IgA and mucin in rats, but these effects were disappeared or
attenuated with the prolonged ingestion. Also, the present results implicate that greater
expression of pIgR in the cecal mucosa may be an important factor for the early
elevation of cecal IgA concentrations and that FOS-induced early elevation of cecal
mucin concentrations is mainly due to the suppression of mucinase activity related to
the lowered cecal pH. However, we should keep in mind that the relatively high dose of
FOS was used in the present study and that a further study is required to examine
whether the same explanation for the increases in I[gA and mucin concentrations can be
extrapolated in a condition where dietary FOS level is moderate. Nevertheless, the
present findings may be of benefit for further understanding of the mechanism of FOS

effect on the colonic diseases related to the alterations of mucosal barrier function.
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Legend to Figures

Fig. 1. PCR-denaturing gradient gel electrophoresis (DGGE) analysis of cecal
microbiota based on 16S rRNA gene sequences in rats fed the control diet or a diet
containing fructo-oligosaccharides (FOS) at 60 g / kg diet for 1, 2, 4 or 8 wk (expt 1).
(A) 1 and 2 wk, (B) 4 and 8 wk.

Similarities among DGGE band profiles of cecal bacteria were calculated based on the
position and intensity of bands, and the dendrogram of DGGE band profiles was
constructed by the unweighted pair-group method with arithmetic mean (UPGMA)
clustering method. Distances are measured in arbitrary units.

C1 ~ C8, samples from rats fed the control diet for 1, 2, 4, or 8 wk.

F1 ~ F8, samples from rats fed the FOS diet for 1, 2, 4, or 8 wk.

Fig. 2. Cecal immunoglobulin A (IgA) concentrations (per g wet cecal contents) (A),
the percentage of IgA plasma cells (B), and cecal mucin concentrations (per g wet cecal
contents) (C) in rats fed the control diet or a diet containing fructo-oligosaccharides
(FOS) at 60 g / kg diet for 1, 2, 4, or 8 wk (expt 1).

Data are expressed as the mean + SE, n = 6. Split plot design ANOV A was used to
assess the effects of diet, time of exposure, and interactions between diet and time.
Individual means at each time point were compared by Student-t test ("p < 0.05) or

Welch’s-t test (*p < 0.05) to assess the effects of diet.

Fig. 3. Cecal immunoglobulin A (IgA) concentrations (per g wet cecal contents) (A),
the percentage of IgA plasma cells (B), and the gene expression of polymeric
immunoglobulin receptor (pIgR) (relative value) (C) in rats fed the control diet or a diet

containing fructo-oligosaccharides (FOS) at 60 g / kg diet for 1, 2 or 8 wk (expt 2).
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Data are expressed as the mean = SE, n = 6. Split plot design ANOVA was used to
assess the effects of diet, time of exposure, and interactions between diet and time.
Individual means at each time point were compared by Student-t test (‘p < 0.05) or

Welch’s-t test (*p < 0.05) to assess the effects of diet.

Fig. 4. Changes in immunoglobulin A (IgA) concentrations during the incubation of
cecal contents (expt 2).

Cecal contents were incubated under nitrogen gas at 37°C for up to 6 h. After
incubation, IgA concentrations were determined and compared with values of 0
time-incubation as 100%.

Each point represented the mean = SE, n = 6.

Fig. 5. Cecal mucin concentrations (per g wet cecal contents) (A), the gene expression

of Muc 2 (relative value) (B), and mucinase activities (per min per mg nitrogen) (C) in
rats fed the control diet or a diet containing fructo-oligosaccharides (FOS) at 60 g / kg

diet for 1, 2 or 8 wk (expt 2).

Data are expressed as the mean + SE, n = 6 except for those of mucinase activities (n =
12). Split plot design ANOVA was used to assess the effects of diet, time of exposure,

and interactions between diet and time. Individual means at each time point were

compared by Student-t test ('p < 0.05) to assess the effects of diet.
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Table 1. Food Intake, Body Weight Gain, Cecal Variables Including Weights of Tissue and Contents, and pH in Rats Fed the Control Diet or a Diet
Containing Fructo-oligosaccharides (FOS) at 60 g / kg Diet for 1, 2, 4, or 8 wk (Experiment 1) !

1 wk 2 wk 4 wk 8 wk SPLIT PLOT ANOVA P
Control FOS Control FOS Control FOS Control FOS Diet Time DxT
Food intake , g 107+5 88 + 5% 208+ 5 204+6 438 +7 403 £ 11 849 + 14 846 + 15 0.16 <0.0001 0.61
Body weight gain , g 40+2 34+3 75+ 4 72+3 1332 119 + 5% 196 £5 1877 <0.0001 | <0.0001 0.60
Cecum
Tissue , wet g 05+0.0 | 1.0£0.0% 0.5+0.0 1.1+0.1*% 0.6+0.1 1.3+0.1% 0.6+ 0.0 12+0.1% | <0.0001 0.21 0.69
Contents , g 1.8+£0.1 | 51=+05 1.7+0.1 4.5+0.4% 23+0.1 6.2+ 0.3% 24402 47+03*% | <0.0001 0.40 0.20
pH 77401 | 58+0.1% 75+0.1 59+0.2% 7.7+0.1 6.4+0.2" 7.8+0.1 6.6+02% | <0.0001 0.20 <0.01

! Data are expressed as the mean + SE, n = 6. Split plot design ANOVA was used to assess the effects of diet, time of exposure, and interactions
between diet and time. Individual means at each time point were compared by Student-t test (*p < 0.05) or Welch’s-t test (p < 0.05) to assess
the effects of diet.
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Table 2. Cecal Organic acids, and Cecal Numbers of Lactobacilli and Bifidobacteria in
Fructo-oligosaccharides (FOS) at 60 g / kg Diet for 1, 2, 4, or 8 wk (Experiment 1) !

Rats Fed the Control Diet or a Diet Containing

1 wk 2 wk 4 wk 8 wk SPLIT PLOT ANOVA P
Control FOS Control FOS Control FOS Control FOS Diet Time DxT
Organic acid , umol/g wet contents
Acetate 435+3.1 | 172+1.9*% | 479+19 | 355+68 | 43.8+29 | 48.0+82 | 420+1.6 | 82.1+3.5% 0.72 <0.05 <0.0001
Propionate 18112 | 89=1.0% 149+0.6 192+39 171406 | 134+13% | 175405 141+14 <0.05 0.39 0.86
n-Butyrate 2.7+0.1 1.6£0.5 40+03 9.7+4.0 2.0+03 14.4+5.1% 19402 | 27.7+3.9* | <0.0001 0.10 <0.0001
Lactate 0 16.0 £ 3.5 0 245+10.0% | 0.1£0.1 47+4.7 0 0 <0.01 0.26 <0.05
Succinate 1.6+0.3 10.8 £3.1% 14+04 104+5.1 2.7+1.0 12.8 +2.0% 14+02 16.7+8.0% | <0.0001 0.68 0.32
SCFA® 643+42 | 27.7+32*% | 66.9+2.1 64.4+9.1 63.0+£33 | 75.8+102 | 61.4+21 | 123.9+55% 0.13 <0.05 <0.0001
Lactobacilli, copiesx10°/g 71+£21 | 666+11.5% | 9.6+33 142+3.7 3.6+0.9 6.4+2.0 1.3+0.5 0.9+04 <0.0001 0.09 <0.001
Bifidobacteria, copiesx107/g 216 + 87 28.5+12.5 0.6 +0.1 133 £116
ND¢ 84.2+25.0 ND ND
(n=5) (n=3) (n=5) (n=3)

! Data are expressed as the mean + SE, n = 6, unless otherwise noted. Split plot design ANOVA was used to assess the effects of diet, time of exposure,

and interactions between diet and time. Individual means at each time point were compared by Student-t test (*p < 0.05) or Welch’s-t test (*p < 0.05) to

assess the effects of diet. "Short-chain fatty acids; the sum of acetate, propionate, and n-butyrate. °Not detected (detection limit, x10%.)
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Table 3. Food Intake, Body Weight Gain, Cecal Variables Including Weights of Tissue and Contents, and pH in Rats Fed the Control Diet or a Diet Containing
Fructo-oligosaccharides (FOS) at 60 g / kg Diet for 1, 2, 4 or 8 wk (Experiment 2) !

1 wk 2 wk 8 wk SPLIT PLOT ANOVA P
Control FOS Control FOS Control FOS Diet Time Diet x time

Food intake , g 104 +2 84 + 2% 209+3 184 &+ 4* 869 = 15 845+ 14 <0.01 <0.0001 0.84
Body weight gain , g 37+2 26+ 1* 72+2 63 + 2% 185+4 182+6 <0.05 <0.0001 0.27
Cecum

Tissue , g 0.5+0.0 1.1+0.0% 0.5+0.0 1.4£0.1* 0.6 0.0 1.0+ 0.0% <0.0001 0.27 <0.01

Contents , wet g 2.0+0.1 3.6+ 0.3 2.1£0.1 4.41£03% 1.9+0.1 43+0.3* <0.0001 0.52 0.09

pH 7.9+0.1 59+0.1% 7.7£0.1 58+0.1% 7.9+0.1 6.4+0.1% <0.0001 <0.0001 <0.01

! Data are expressed as the mean + SE, n = 12.
Split plot design ANOVA was used to assess the effects of diet, time of exposure, and interactions between diet and time.

Individual means at each time point were compared by Student-t test (*p < 0.05) or Welch’s-t test (p < 0.05) to assess the effects of diet.
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