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Fecal water from ileostomic patients consuming oat
p-glucan enhances immune responses in
enterocytes
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Yeast, fungal, and dietary B-glucans have immune-modulating effects in vitro and in vivo, as thought,
mainly by affecting leukocytes; however, effects of oat f-glucan on enterocytes have never been stud-
ied. As recognized, supplying oat B-glucans as such to cells in culture directly is difficult because of
solubility problems. Therefore, six ileostomic patients consumed, in random order, a control diet or
an oat f-glucan enriched diet (5 g) and from the collected ileostomic content, fecal water was prepa-
red and added to two small intestinal cell lines (INT407, Caco-2) and two colon cell lines (HT29,
T84) together with a cytokine cocktail (IL-1p +INFy+ TNFa). Several parameters reflecting
immune-modulation were measured. As compared to placebo fecal water, B-glucan enriched fecal
water significantly increased IL-8 production in HT29 (5.0%; p = 0.046) and INT407 cells (22.0%;
p=0.028). Intercellular adhesion molecule (ICAM)-1 expression increased in T84 (11.0%;
p=0.028) and Caco-2 cells (20.4%; p = 0.075). These immune-stimulating effects were confirmed
by enhancement of inflammatory expression profiles, as determined with an antibody array. Our fin-
dings show immune enhancement by fecal water from ileostomic patients consuming oat B-glucan
both in small intestinal and colon cell lines after stimulation, which is in agreement with documented
effects in leukocytes. Whether these immune-stimulating effects on enterocytes contribute to the
enhanced protection of the host against invading pathogens as observed both in animals and in
humans, as well as the underlying mechanism, needs further evaluation.
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1 Introduction

B-Glucans are carbohydrates consisting of linked glucose
molecules with a molecular mass between 50 and
2300 kDa. They are major structural components of not
only the cell walls of yeast and fungi, but also of some cer-
eals such as barley and oat. In nature, there are many differ-
ent forms of B-glucans varying in length, molecular mass,
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tertiary structure, and degree of branching. In this respect,
the cell wall glucans of yeast and fungi consist of B-(1—3)-
linked glucopyranosyl residues with small numbers of
(1>6)-linked branches, whereas the oat endosperm cell
walls contain unbranched B-glucans with $-(1—3) and B-
(1—>4) linkages [1-3]. These characteristics influence their
effects on physiological functions such as lipid and glucose
metabolism, and inflammatory processes.

It is now well established that fungal B-glucans initiate —
by a so far not completely understood mechanism — a very
potent immune response in leukocytes [2]. Less is known
about the immune-modulating effects of B-glucans from
oats and barley. Estrada et al. [1], however, have demon-
strated that culturing macrophages in the presence of oat [3-
glucans enhanced the production of IL-1a in a dose- and
time-dependent manner [1]. Also the production of IL-2,
INF (INF)y and IL-4 in cultured spleen cells was increased
by oat B-glucan [1]. In vivo studies demonstrated that oat
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B-glucan enhanced resistance towards bacterial challenges
and intestinal parasitic infections [1, 4-6]. All together,
these findings indicate that B-glucans, not only from yeast
and fungi but also from oat, have immune-stimulating
effects in vitro and in vivo.

Moreover, Brown and Gordon [7], have recently suggested
that high molecular weight (MW) and/or particulate B-glu-
cans from fungi directly activate leukocytes, while low MW
B-glucans from fungi only modulate the response of cells
when they are stimulated with e. g. cytokines. Whether the
effects ofalow MW oat B-glucans are also indirect, i. e., com-
parable to those of low MW fungi B-glucans, is unknown. In
our hands, however, the fecal water with and without low
MW oat B-glucans did not induce an immune-stimulation
without the presence of an additional inflammatory trigger.
Therefore, in this study we have chosen to evaluate immune-
modulating effects of alow MW oat (1—3), (1—>4) B-glucan
(60 kDa) not as an inducing agent, but particularly as modi-
fier of a cytokine-stimulated condition.

Most in vitro studies evaluated the effects of B-glucans in
different leukocytes populations; however, effects on enter-
ocytes have never been examined. Since it is inevitable that
enterocytes play an important role in the intestinal defense
against pathogens, the present study evaluated the immune-
modulating effects of oat B-glucan on human enterocytes. It
is however very difficult to study the effects of B-glucans in
cell cultures directly, because of problems with solubility
[8]. Therefore, to study the effects of oat B-glucan in a phy-
siological matrix, ileostomic patients consumed, in random
order, a control diet or an oat B-glucan enriched diet. From
the collected illeostomic contents fecal water was prepared
and added together with a cytokine cocktail (IL-1pB, INFy
and tumor necrosis factor a (TNFa)) to enterocyte cell
lines. We have deliberately chosen to study the effects in
four different enterocyte cell lines (two small intestinal cell
lines and two colon cell lines) to exclude the possibility that
the presence or absence of the effects found were cell line
specific. Next, the cells as well as the supernatants were
analyzed for different inflammatory parameters. By this
approach we were able to evaluate the effects of dietary oat
B-glucan consumption under physiological conditions with-
out making a distinction between direct (i.e., B-glucan-
enterocyte interactions) or indirect effects (i. e., factors pre-
sent in ileostomic content derived from effects of B-glucan
in the intestinal tract of the patients). As far as we know, this
is the first study showing immune-enhancing effects of oat
B-glucans in enterocytes by such a physiological approach.

2 Materials and methods

2.1 Study design

Six patients (three males and three females) with an ileost-
omy participated in a double blind, placebo-controlled
intervention trial with a crossover design (Fig. 1A). All sub-
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jects were proctocolectomized for ulcerative colitis. The
median time since surgery was 6 years (range: 1-17 year).
The mean age of the subjects was 51 years (range: 38—
74 year). On the first day of the first period, all subjects
received a standardized diet (three main meals and three
snacks). On the second day, three subjects received again a
standardized diet, but in addition, at breakfast and at lunch,
a beverage (250 mL) enriched with B-glucan (2.5 g, i.e.,
5 g in total). The other three subjects received a placebo
beverage enriched with rice starch. One week later, regimes
were crossed over. The nutrient compositions of the two
diets are presented for men and women in Table 1. During
the second day of each period, ileostomic contents were col-
lected 15 min before the standard meals at 7.45, 11.45,
15.45, 19.45, 21.45 and at 7.45 h the following morning.
The ileostomic contents were sealed in a plastic jar immedi-
ately after each collection and put on dry ice. The next
morning the ileostomic contents were weighed, freeze-
dried, weighed again, homogenized, and stored at —20°C.
Ethical approval of the study protocol was obtained from
the local Research Ethics Committee of Lund University.
All subjects gave their written informed consent before par-
ticipating.

B-Glucan was isolated from Swedish oats (oats var. Sang
from Cerealia (Sweden)) at Cereal Base Ceba AB (Lund,
Sweden), as described [9]. Briefly, oat bran was crushed
and milled with water and treated with amylases and pro-
teases, while at the end insoluble fibers were removed by
ultra-filtration. The remaining B-glucan fraction was
freeze-dried, mixed with water, and used for the production
of beverages with a B-glucan concentration of 1% w/w. The
B-1—3)-(1—>4)-linked unbranched soluble glucan had a
mean MW of 60 kDa, determined by VTT Biotechnology,
Technical Research Centre of Finland (Espoo, Finland), by
SEC-HPLC using pHydrogel columns, NaOH-eluent, and
postcolumn calcofluor staining with fluorescence detec-
tion, as described in ref. [10]. Control beverages were pre-
pared using rice starch, while sucrose, glucose syrup, and
rapeseed oil were added to balance the nutrient composition
of the two experimental products.

2.2 lleostomic contents and fecal water

The ileostomic contents from each subject obtained at each
period were freeze-dried, after which the MWs and the con-
centrations of the B-glucan in the ileostomic contents were
determined, as mentioned above.

The ileostomic contents from each subject, used for the
cell stimulations, were pooled over the 24-h periods,
thereby correcting for differences in volumes from each
interval. Fecal water was prepared by dissolving the pooled
freeze-dried ileostomic contents in PBS, which was subse-
quently rotated for 5 h. Next, the dissolved illeostomic con-
tents were centrifuged for 11.5 min at 13 500 rpm, 17°C.
The supernatant (further called fecal water) was carefully
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Figure 1. Study design. To study immune-modulating effects of oat 3-glucan on enterocytes in a physiological matrix, (A) ileostomic
patients consumed a diet enriched with B-glucan or placebo and ileostomic contents were collected. These ileostomic contents were
used to prepare fecal water, which (B) was used in an in vitro study of stimulated enterocytes. For the first in vivo part (A), all ileos-
tomic patients (n = 6) received a standardized diet (diet composition, see Table 1) on the first day of the first period. On the second
day, three subjects received a standardized diet and at breakfast and at lunch a beverage (250 mL) enriched with $-glucan (2.5 g,
i.e., 5 g in total), while the other three subjects received a placebo beverage enriched with rice starch. One week later, regimes were
crossed over. During this second day until the following morning (24 h in total) ileostomic contents were collected at fixed intervals.
Fecal water was prepared by dissolving 24 h pooled freeze-dried ileostomic contents in PBS as described in the methods section
and subsequently used for in vitro cell stimulation experiments. For this second in vitro part (B), placebo and B-glucan fecal water
was added to four enterocyte cell lines (HT29, T84, INT407, and differentiated Caco-2) which were subsequently stimulated with a
proinflammatory cytokine cocktail (IL-1f, INFy and TNFo) for 16 h. After 16 h the culture medium was collected for measuring IL-8
production and inflammatory protein expression profiles and living cells were used for cell membrane intercellular adhesion molecule
(ICAM)-1 protein expression measurements.

Table 1. Nutrient composition of the diets

Men (n = 3) Women (n=3)
Placebo diet B-Glucan diet Placebo diet B-Glucan diet
Energy (kcal) 2170 2170 1813 1813
Protein (g) 98 98 89 89
Protein (En%) 18 18 20 20
Fat (g) 65 65 53 53
Fat (En%) 27 27 26 26
Carbohydrates (g) 300 300 241 241
Carbohydrates (En%) 55 55 53 53
Fibers (g) 11 16 8 13
B-Glucan (g) 0 5 0 5

human cell line Caco-2 from the American Tissue Type
Collection (ATTC). INT407 cells were cultured in mini-
mum essential medium (MEM) (Invitrogen Corporation,

collected and used for the in vitro cell stimulation experi-
ments. The pH of each fecal water sample was determined.

2.3 Intestinal cell cultures

Four different human-derived intestinal cell lines — two
small intestinal and two colon cell lines — were used. The
human small intestinal cell line INT407 was obtained from
the European Tissue Type Collection (ETTC) and the
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Paisley, UK) supplemented with 10% heat inactivated fetal
calf serum (FCS) (Greiner Bio-one, Frickenhausen, Ger-
many) and 1% penicillin streptomycin (PS) (Invitrogen
Corporation). Caco-2 cells were cultured in DMEM (Invi-
trogen Corporation) supplemented with 10% FCS, 1% PS,
1% sodium pyruvate (SP) (Invitrogen Corporation), and 1%
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nonessential amino acids (NEAA) (Invitrogen Corpora-
tion). After 18 days culturing of Caco-2 cells in normal
DMEM, they were differentiated into small intestinal enter-
ocytes [11]. The human colon cell lines HT29 and T84 were
kindly supplied by Professor Dr. W. A. Buurman (Depart-
ment General Surgery, Maastricht University, The Nether-
lands). HT29 cells were cultured in RPMI 1640 medium
(Invitrogen Corporation) supplemented with 10% FCS and
1% PS. T84 cells were cultured in DMEM nut mix F-12
(DMEM/F12) (Invitrogen Corporation) supplemented with
10% FCS and 1% PS. All cells were cultured at 37°C in a
5% CO, humidified atmosphere. Cells were refreshed every
second day and were separated by trypsine-0.03% EDTA
(Greiner Bio-one) when they had reached 70-90% con-
fluency.

2.4 Cell cytotoxicity

Cell cytotoxicity was measured to determine the maximum
concentration of fecal water that could be added to the cell
lines without causing cytotoxic effects. For this, different
concentrations of fecal water were prepared and tested in
two assays, i. e., (i) erythrocytes lytic activity and (ii) Phe-
nol Red leakage across confluent Caco-2 cell monolayers.

2.4.1 Erythrocytes lytic activity assay

Cytotoxic activity of fecal water was determined by evaluat-
ing hemolysis of erythrocytes. For this, human blood with
heparin as anticoagulant — from the same volunteer for all
experiments — was centrifuged for 10 min at 3500 rpm to
obtain erythrocytes. Plasma was removed and the remaining
erythrocytes were washed three times with PBS and centri-
fuged again for 10 min at 3500 rpm. The cytotoxicity of
fecal water was determined by adding different concentra-
tions of fecal water, prepared by dissolving different
amounts of the ileostomic content, to the washed human
erythrocytes suspension. After incubation for 45 min at
37°C, the tubes were centrifuged for 10 min at 3500 rpm.
The supernatant was transferred to a 96-wells plate and
diluted 20 times. The hemoglobin concentration in the
supernatant, released after lysis of the erythrocytes, was
measured spectrophotometrically at 540 nm. Percentage
hemolysis was calculated compared to a calibration curve,
made from erythrocytes suspension incubated with ascend-
ing concentrations of distilled water in PBS (0-100%
hemolysis). The concentration at which 2% lysis occurred
was defined as the critical lytic concentration (CLC) [12].
Concentrations below the CLC were determined as noncy-
totoxic and were used for further experiments.

2.4.2 Phenol Red leakage across confluent Caco-2
monolayers

Cytotoxicity of fecal water was also measured by Phenol

Red leakage across confluent Caco-2 monolayers, which

can be used as a good marker for cell confluence and tight
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junction formation and is an easy-to-use alternative for the
electrical measurement of the transepithelial electrical con-
ductance [13]. For this, Caco-2 cells were cultured in a
polarized transwell system (Costar, Badhoevedorp, The
Netherlands). The upper apical chamber contained DMEM
(Invitrogen Corporation) with Phenol Red and the lower
basolateral compartment DMEM without Phenol Red. Dis-
turbance of the confluent Caco-2 cell monolayer due to
cytotoxicity of the fecal water resulted in a flux of the small
Phenol Red molecule (MW = 354) across the epithelium,
which could be measured in the basolateral compartment
by spectrophotometry at 479 nm [13]. When the cells were
confluent as indicated by the absence of Phenol Red leak-
age, cells were refreshed with medium containing fecal
water at different concentrations. DMSO (10%) and PBS
were used as positive and negative controls, respectively.
Cells were incubated for 6 h with fecal water, 10% DMSO
or PBS added apically. Next, the basolateral medium was
collected, and refreshed after which the cells were incu-
bated for another 18 h with the same compounds. The Phe-
nol Red concentration in the basolateral medium (at 6 and
18 h) was measured. Values were corrected for Phenol Red
free medium and compared to the 10% DMSO and PBS
controls. Concentrations without Phenol Red leakage were
determined as noncytotoxic and were used for further
experiments.

2.5 Cell stimulations

To evaluate the immune-modulating effects of fecal water
with B-glucan, in vitro cell stimulation experiments were
conducted as represented schematically in Fig. 1B. For this
HT29 and T84 cells were plated in six-well plates at an
initial  density of 1.0x 10°cells/mL, INT407 at
0.6 x 10° cells/mL, and Caco-2 at 0.5 x 10°cells/mL in a
total volume of 1.5 mL. When the HT29, T84, and INT407
cells had reached 70-90% confluency and the Caco-2 cells
had differentiated for 18 days, the culture medium was
replaced by medium containing fecal water (with or without
B-glucan) and a cocktail consisting of the proinflammatory
cytokines INFy (100 U/mL), IL-1f (50 U/mL), and TNFa
(10 ng/mL). After 16 h of incubation, culture medium was
collected for analysis of IL-8 concentrations and inflamma-
tory protein expression profiles, while the living cells were
used to determine cell surface intercellular adhesion mole-
cule (ICAM)-1 protein expression.

2.6 IL-8 ELISA and inflammatory protein
expression profiles

IL-8 concentrations in culture supernatants were deter-
mined using an ELISA as described in [14]. Briefly, plates
(Greiner Bio-one) were coated with monoclonal murine
antihuman IL-8 antibodies. Recombinant human IL-8 was
used for standard curves. Immobilized IL-8 was detected
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using a specific biotinylated rabbit antihuman IL-8 polyclo-
nal antibody, followed by the addition of peroxidase-conju-
gated streptavidin (Zymed Laboratories, San Francisco,
Canada) and tetramethylbenzidine (TMB) substrate (Kirke-
gaard & Perry Laboratories, Gaithersburg, USA). The
detection limit of the ELISA was 5 pg/mL.

Cell culture supernatants were also used to evaluate
expression profiles of multiple inflammatory proteins using
the human cytokine antibody array III (Ray Biotech Inc.,
Norcross, USA). First, cell culture media of all six subjects
after 16 h incubation with fecal water containing -glucan
or placebo were pooled. Thus, eight arrays (HT29, T84,
INT407, Caco-2 with B-glucan or placebo) were analyzed.
One milliliter of the pooled samples was added to the array
membranes. After incubating and washing, the cytokine-
bound membrane was incubated with a cocktail of biotin-
labeled antibodies, followed by the addition of horseradish
peroxidase-conjugated streptavidin. Array spot intensity
was detected by using a LAS-3000 Lite Image reader (Ray-
test GmbH, Straubenhart, Germany) based on chemilumi-
nescene imaging. Intensity of the spots was quantified in
arbitrary units by densitometry using Aida software version
3.50 (Raytest GmbH), thereby correcting for background
staining of the gel. Comparison of protein expression pro-
files was possible after normalization of each spot on an
array using the positive controls, provided by the manufac-
turer. The cytokines used for stimulation (INFy, IL-1f and
TNFa) were excluded from the analysis.

Using the same protocol, this array was also used to
determine the amounts of inflammatory proteins possibly
present in fecal water. For this, fecal water containing B-glu-
can or placebo was prepared for each subject and pooled
per dietary period. For analysis, the fecal water was not
diluted.

2.7 Flow cytometry analysis of intercellular
adhesion molecule-1 (ICAM-1)

ICAM-1 protein expression on the cell surface of living
cells was measured by flow cytometry. After 16 h incuba-
tion, cells were washed three times with PBS and detached
with trypsine-0.03% EDTA. When the cells were detached,
the medium was added and cell suspensions were centri-
fuged for 5 min at 1200 rpm at room temperature, followed
by resuspending the pellets in 500 uL of PBS-1% BSA.
Cells were counted and diluted to 1 x 10°cells/mL in PBS-
1% BSA. Recombinant-phycoerythrin (R-PE)-conjugated
mouse-anti-human CD-54 mAb (anti-ICAM-1) or isotype-
matched control antibody (Becton Dickinson Biosciences,
San Diego, USA) 20 uL/10° cells was added and incubated
for 30 min on ice in the dark. Next, cell suspensions were
centrifuged for 5 min at 1500 rpm and pellets were resus-
pended in 500 pL PBS-1% BSA. Because almost all cells
were [CAM-1 positive, although they greatly differed in the
amount of ICAM-1 expression, the mean fluorescence of
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10 000 living cells was measured and analyzed with the
FACSort (Becton Dickinson, Franklin Lakes, USA) and
CellQuest analysis software. Percentage living cells were
not different for the different samples and the isotype con-
trol antibody showed fluorescence below the threshold.

2.8 Statistical analysis

Effects on IL-8 production and ICAM-1 expression were
examined with the nonparametric, Wilcoxon signed ranks
test. For data presentation, effects from the [B-glucan
enriched fecal water were also expressed as percentages
relative to those of the placebo fecal water. All statistical
analyses were performed using SPSS 11.0 (SPSS, Chicago,
IL, USA). Values of p <0.05 were considered statistically
significant.

3 Results

3.1 Characteristics of ileostomic content and fecal
water

The mean MW of the B-glucan in the beverages and in the
ileostomic content of four subjects was 60 kDa. For two
subjects, only a very slight decrease in MW was observed,
indicating that, overall, the B-glucan was not degraded
while passing the small intestine.

Fecal water concentrations that were not cytotoxic, as
determined by erythrocyte lysis, were in agreement with
Phenol Red leakage assays (data not shown). Experiments
in all cell lines were, therefore, carried out with a concentra-
tion of 1.44 mg/mL redissolved, freeze-dried ileostomic
content in PBS. The calculated concentrations of B-glucan
added to the cells varied from subject to subject between
0.12 and 0.18 mg/mL.

The mean pH of fecal water containing B-glucan was not
significantly different as compared to placebo fecal water
(7.4 £0.2and 7.3 + 0.2 (mean + SD), respectively).

To exclude the possibility that the B-glucan enriched
fecal water already contained proinflammatory proteins,
which may have confounded the results, we measured
inflammatory proteins with the antibody array. However, no
detectable amounts of inflammatory proteins were present
in the fecal water from the B-glucan or placebo period (data
not shown).

3.2 IL-8 production

Addition of the B-glucan enriched fecal water, without sti-
mulation with cytokines, did not induce IL-8 production in
any of the four intestinal cell lines (data not shown). How-
ever, when B-glucan enriched fecal water was added in
combination with a cytokine mixture, we found enhancing
effects as compared to placebo fecal water, illustrating that
our low MW oat (1-3), (1>4) B-glucan (60 kDa), indeed,
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Figure 2. B-Glucan containing fecal water increased IL-8 production by enterocytes. IL-8 production by HT29, T84, INT407, and
Caco-2 cells after 16 h incubation with fecal water containing pB-glucan or placebo and stimulation with cytokines (A, B). (A) The
median (and ranges) of IL-8 concentrations (ng/mL) after B-glucan and placebo fecal water and (B) percent changes in IL-8 concen-
tration of each individual after fecal water containing B-glucan corrected for placebo are shown for the four enterocyte cell lines. In
panel B, each subject is represented by a dot and the median is represented by a line.

is not an inducing agent but a modifier of a cytokine-stimu-
lated condition. Figure 2A shows the median IL-8 concen-
trations (and ranges) after placebo and B-glucan fecal water
for all subjects together in the four cell lines, while in Fig.
2B, percent changes for the B-glucan fecal water for each
subject individually corrected for placebo fecal water are
shown. B-Glucan containing fecal water from five subjects
increased IL-8 production by HT29 cells. For one subject,
no change was found. Overall, this resulted in a significant
median increase in IL-8 production of 5.4% (range: —0.3%,
16.6%; p = 0.046). Comparable to HT29 cells, IL-8 produc-
tion by INT407 cells was increased for all six subjects after
addition of fecal water containing B-glucan, resulting in a
significant increase of 22.0% (range: 6.5%, 29.4%;
p =0.028). In contrast, IL-8 production by T84 cells and
Caco-2 cells was not significantly changed (median: 5.9%;
range: —31.1%, 23.1%; p=0.917 and median: 4.2%;
range: —34.8%, 218.3%; p = 0.463, respectively).

3.3 Cell surface ICAM-1 protein expression

In line with effects on IL-8 production, addition of the
B-glucan enriched fecal water without stimulation with
cytokines did not induce ICAM-1 expression in any of the
four intestinal cell lines (data not shown), while stimulating
effects on ICAM-1 expression were visible in the presence
of cytokine stimulation. Figure 3A shows the ICAM-1
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expression after placebo and B-glucan fecal water for all
subjects together in each of the four cell lines and in Fig. 3B
percent changes for the B-glucan fecal water for each sub-
ject individually corrected for placebo fecal water are
shown. These figures show that the B-glucan containing
fecal water from all subjects increased ICAM-1 expression
in T84 cells. This resulted in a significant increase of
ICAM-1 expression for T84 (median: 11.0%; range: 3.8%,
31.1%; p = 0.028). ICAM-1 expression in Caco-2 cells and
INT407 cells was increased for five out of the six subjects,
with a median ICAM-1 increase of 20.4% (range: —8.8%,
40.5%; p=0.075) and 16.7% (range: —19.0%, 30.0%;
p = 0.249), respectively. ICAM-1 expression in HT29 cells,
however, was not significantly changed (median: —0.4%;
range: —8.4%, 10.8%; p =0.917).

3.4 Inflammatory protein expression profiles

In general, B-glucan enriched fecal water increased the
expression of almost all detectable cytokines, chemokines,
colony stimulating factors (CSF) and growth factors com-
pared to placebo fecal water (Fig. 4). No bar means that the
protein was not detectable in the culture medium of that
particular cell type or that there was no change in protein
expression after B-glucan compared to placebo fecal water.
When examining the expression profiles into more detail, it
can be seen that especially the changes in chemokines
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expressions were quite consistent. For example, in all cell INFy), a chemokine that attracts T-lymphocytes, was
lines expressions of all detectable monocyte chemotactic decreased (not measurable in T84 and INT407 cells). The
proteins (MCPs) were increased (MCP-2 and 3 expression increases in IL-8 expressions agreed very well with those
not measurable in HT-29 cells and no MCPs measurable in observed with the ELISA technique, confirming the valid-
Caco-2 cells), while that of MIG (monokine induced by ity of the antibody array. It should be noted, however, that
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Figure 3. B-Glucan containing fecal water increased ICAM-1 expression in enterocytes. ICAM-1 expression in HT29, T84, INT407,
and Caco-2 cells after 16 h incubation with fecal water containing -glucan or placebo and stimulation with cytokines (A, B). (A) The
median (and ranges) of ICAM-1 expression (arbitrary units) after B-glucan and placebo fecal water and (B) percent changes in
ICAM-1 expression of each individual after fecal water containing B-glucan corrected for placebo. In panel B, each subject is repre-
sented by a dot and the median is represented by a line.
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Figure 4. 3-Glucan containing fecal water mostly increased the expression of various inflammatory proteins of enterocytes. Percent
change in expression of chemokines, CSF, growth factors, and cytokines after p-glucan, as compared to placebo fecal water in
HT29, T84, INT407, and Caco-2 cells as measured by an antibody array. For experimental details see Section 2. GRO, growth regu-
lated protein; MDC, macrophage-derived chemokine; MIG, monokine induced by INFy; MIP, macrophage inflammatory protein;
RANTES, regulated upon activation normal T-cell expressed and secreted; TARC, thymus and activation-regulated chemokine;
GM-CSF, granulocyte-macrophage CSF; MCSF, macrophage CSF; Tpo, thrombopoietin; EGF, epidermal growth factor; OSM,
oncostatin M; PDGF, platelet-derived growth factor; VEGF, vascular endothelial growth factor; TNF, tumor necrosis factor; Ang,
angiogenin.
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the relative change measured with the antibody array was
higher in Caco-2. This can be explained by the fact that for
the antibody array pooled samples were used and the results
therefore represent a mean value. For the ELISA, median
values were presented. Changes in CSF and growth factor
expressions were less consistent. The T84 cells showed an
increased expression for all CSF and growth factors,
whereas the HT29 cells showed a decreased expression for
all these proteins except for GM-CSF. Also for INT407 and
Caco-2 cells, increases and decreases for these proteins
were observed.

4 Discussion

Not only B-glucans from the cell wall of fungi and yeast,
but also B-glucans from oats have been shown to be potent
immune stimulators, at least in macrophages and spleen
cells [1]. However, effects on enterocytes have never been
examined. Our results now show that fecal water prepared
from ileostomic contents of patients consuming diets
enriched with oat B-glucans, induced an immune-stimulat-
ing response in enterocytes both from small intestinal as
well as from colonic origin. The finding that not all four
cells lines responded significantly regarding all parameters,
but the fact that nearly all responses observed in the differ-
ent cell lines were a stimulation, strengthens our belief that
oat B-glucans indeed enhanced immune responses in enter-
ocytes. Since our primary goal was to see whether entero-
cytes responded to B-glucan enriched fecal water at all, we
did not attempt to define the mechanism underlying this
response in this phase. Therefore, as far as we know now,
these findings could be ascribed to direct as well as indirect
effects of oat B-glucan.

We measured immune-modulating effects of B-glucan by
examining IL-8 production and ICAM-1 expression of enter-
ocytes. IL-8 is a chemokine and ICAM-1 is an adhesion
molecule whose expression is both increased in the case of
an infection by pathogens. IL-8 production by enterocytes
will induce recruitment of inflammatory cells such as neu-
trophils, basophils, and lymphocytes to the inflamed tissue
[15]. ICAM-1 expression on enterocytes may help to keep
leukocytes that have transmigrated through the epithelial
layer towards the intestinal lumen in close contact with the
intestinal epithelium [16]. This will prevent further invasion
of the mucosa by pathogens. Fecal water with B-glucan
increased the production of IL-8 and the cell surface expres-
sion of ICAM-1, which thus indicates an enhanced immune
response. This agrees with the results of an in vivo study with
C57BL/6 mice showing that oral administration of (1—-3),
(1>6)-B-glucan isolated from baker’s yeast increased the
number of intraepithelial lymphocytes in the intestine [17].
Although effects of yeast glucans and oat glucans may,
because of structural differences, not as such be extrapolated
to each other, the similarity in responses is suggestive.
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Inflammatory signatures obtained from the antibody
arrays suggest a potential role of other inflammatory
players, because B-glucan elevated the expression of
numerous inflammatory proteins. An important group of
proteins that showed highly consistent elevations in all the
four enterocyte cell lines were the MCPs. The elevation of
these chemokines, which preferably attract monocytes, sug-
gests a role of these cells (besides the granulocytes and lym-
phocytes attracted by IL-8) in the PB-glucan induced an
improvement in immune function as well. Our results there-
fore suggest that the elevated IL-8 production and increased
ICAM-1 expression and, probably, also the increased pro-
duction of MCPs by enterocytes may contribute to the
increased resistance to pathogens after B-glucan consump-
tion, as shown in mice [1, 4] and humans [18, 19]. No corre-
lation between the B-glucan concentration in the fecal water
and the overall inflammatory response (in all cell lines) of
each subject was present, probably due to the small -glu-
can concentration interval (0.12-0.18 mg/mL) and the
small number of subjects. We showed that the four cell lines
did not always respond in the same manner. For example, in
T84 cells the IL-8 production was not significantly differ-
ent, whereas ICAM-1 expression significantly increased.
This suggests that individual inflammation markers are dif-
ferently regulated in the various intestinal cell lines. There-
fore, we decided to measure a whole range of inflamma-
tion-related markers in all four cell lines. Although there
are differences between the cell lines and not all effects
were significant, the overall conclusion is that they are
nearly all in the same direction, indicating immune-stimu-
lating effects of B-glucan enriched fecal water in entero-
cytes.

To what extent our findings can be extrapolated to other
types of B-glucans is not known. B-Glucans are a complex
group of molecules with different degrees of branching,
polymer lengths, tertiary structures, and solubilities [3, 20].
We have used a soluble unbranched B-glucan with $-(1—3)
and B-(1—4) linkages, that was extracted from oat with a
mean MW of 60 kDa. Brown and Gordon have recently sug-
gested that high MW and/or particulate B-glucans of fungi
directly activate cells. In contrast, low MW B-glucans might
not directly activate cells, but may modulate the response to
another challenge. Results of these low MW [-glucans,
however, are conflicting, as both primed and suppressed
secondary responses have been reported [7]. There is no
clear explanation for these different results, but it is known
that small differences between B-glucan molecules besides
MW also have an impact on their immune-modulating
effects [7, 20]. Unfortunately, characteristics of the B-glu-
cans used in other studies have not always been reported
[7]. In the present study, we have now shown that a low MW
oat (1-3), (1>4) B-glucan (60 kDa) in the physiological
matrix of fecal water induced an enhanced immune
response in enterocytes after cytokine stimulation. More-
over, the finding that addition of the B-glucan enriched
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fecal water without stimulation with cytokines did not
induce an inflammatory response (data not shown) supports
the finding that low MW [B-glucans can modulate, but not
evoke, an inflammatory response. However, despite numer-
ous barriers and mechanisms counteracting bacterial trans-
location and too strong inflammatory responses, it is very
likely that there is always some translocation also in a nor-
mal situation [21]. Therefore, it is very likely that a local
inflammatory micromilieu is always present in the intestine
[21], suggesting that adding cytokines to stimulate the
enterocytes might be considered rather physiological. With
respect to the physiological relevance of the B-glucan
induced immune enhancement, the finding that numerous
immune mediators all change in the same direction, suggest
that this can have a strong physiologic effect. However, in
contrast to the in vivo situation in the intestines, the in vitro
cultured enterocytes do not produce mucus, however mucus
is not expected to prevent direct contact between entero-
cytes and B-glucan since B-glucan is water soluble and is
expected to easily pass the mucus layer.

Dectin-1 plays a central role to explain the immune-mod-
ulating effects of B-glucans [3]. Of the four epithelial intest-
inal cell lines we have used, dectin-1 mRNA expression has
been shown in Caco-2 cells [22]. As far as we know, the
expression of dectin-1 in the other cell lines is not examined
yet. The expression of dectin-1 on intestinal epithelial cells
in vivo is contradictory. Presence and absence on mRNA
and protein level and on murine and human intestinal cells
have been reported [23-25]. Because it is not evident if dec-
tin-1 is expressed on enterocytes, we cannot exclude the
possibility that the observed effects of B-glucan are not
mediated by dectin-1. The present study was not initiated to
mechanistically examine the effects of B-glucan. Whether
our results are dectin-1 mediated or due to indirect changes
in the fecal water composition induced by oat B-glucan will
hopefully be addressed in future studies.

As suggested above, the observed effects in our in vitro
model may also be caused by an increased or decreased pro-
duction of another, yet unknown, factor. If true, this implies
that effects of B-glucan fecal water on enterocytes are indir-
ect and would in that case never have been found when — if
possible — the oat B-glucans were applied to the cells
directly. As an example of indirect effects, B-glucan could
have induced changes in inflammatory proteins in the fecal
water. However, we could not identify any inflammatory
proteins in the fecal water with the highly sensitive antibody
array. Although the amount of LPS in the fecal water is not
determined, effects of LPS as explanation for the observed
changes in the intestinal cell lines used can be neglected
since all cell lines were found nonresponsive to even high
concentrations of LPS (data not shown). However, measur-
ing LPS is not the solution since potential effects of other
microbial products in fecal water cannot be ruled out. How-
ever, since each volunteer was his own control, potential
disturbing effects of these factors are not very likely.
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Another possible explanation for the observed effects is an
increased production of antimicrobial peptides like defen-
sins, after consumption of the B-glucan. These peptides,
which will then be present in elevated amounts in fecal
water, may also influence intestinal inflammation by stimu-
lating chemokine secretion and attracting leukocytes [26].
Another possible mechanism explaining the observed
effects is the degradation of B-glucan into SCFA. SCFA, for
example butyrate, are known to modulate the intestinal
flora and intestinal inflammation [27]. However, in our
study we worked with ileostomic patients and B-glucan did,
therefore, not pass the colon, the only place where fibers
can be degraded into SCFA by bacteria. Also the MW of j3-
glucan in the ileostomic content was not substantially chan-
ged, which excludes the formation of degradation products.
It is therefore not likely that the reported effects are caused
by differences in SCFA composition of the fecal water.
Finally, it is known that consumption of B-glucan enriched
diets increases fecal bile acid excretion [28]. If anything,
however, bile acids will have immune-suppressive effects
[29].

In conclusion, we found that B-glucan enriched fecal
water enhanced the immune response in stimulated epithe-
lial intestinal cell lines, which should allow the host to
defend itself better against invading pathogens. This is to
our opinion the first time that responsiveness of enterocytes
towards [-glucans has been shown. Whether the reported
effects of B-glucan enriched fecal water are direct effects of
B-glucan (potentially via dectin-1) or indirect (via so far
unknown mechanisms) need further investigation. Finally,
extrapolation of our findings to the in vivo situation remains
to be established.
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