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Abstract

Background: Dietary fiber reduces the intestinal absorption of nutrients and the blood concentrations of cholesterol and triglycerides.
Aim:Wewished to test the hypothesis that high-viscosity (HV) and low-viscosity preparations of barley and oat β-glucan modify the expression of selected genes
of lipid-binding proteins in the intestinal mucosa and reduce the intestinal in vitro uptake of lipids.
Methods: Five different β-glucan extracts were separately added to test solutions at concentrations of 0.1–0.5% (wt/wt), and the in vitro intestinal uptake of lipids
into the intestine of rats was assessed. An intestinal cell line was used to determine the effect of β-glucan extracts on the expression of intestinal genes involved
in lipid metabolism and fatty acid transport.
Results: All extracts reduced the uptake of 18:2 when the effective resistance of the unstirred water layer was high. When the unstirred layer resistance was low,
the HV oat β-glucan extract reduced jejunal 18:2 uptake, while most extracts reduced ileal 18:2 uptake. Ileal 18:0 uptake was reduced by the HV barley extract,
while both jejunal and ileal cholesterol uptakes were reduced by the medium-purity HV barley extract. The inhibitory effect of HV barley β-glucan on 18:0 and
18:2 uptake was more pronounced at higher fatty acid concentrations. The expression of genes involved in fatty acid synthesis and cholesterol metabolism was
down-regulated with the HV β-glucan extracts. β-Glucan extracts also reduced intestinal fatty-acid-binding protein and fatty acid transport protein 4 mRNA.
Conclusions: The reduced intestinal fatty acid uptake observed with β-glucan is associated with inhibition of genes regulating intestinal uptake and synthesis of
lipids. The inhibitory effect of β-glucan on intestinal lipid uptake raises the possibility of their selective use to reduce their intestinal absorption.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

It is of nutritional and medical interest that dietary fibers may be
used to reduce the intestinal absorption of nutrients and the blood
concentrations of cholesterol and triglycerides, and thereby be of
Abbreviations: ACC, acetyl-CoA carboxylase; ANOVA, analysis of variance;
BBM, brush border membrane; FAS, fatty acid synthase; FATP4, fatty acid
transport protein 4; HP, high purity; HV, high viscosity; i-FABP, intestinal
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element-binding protein; UWL, unstirred water layer.
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therapeutic benefit. For example, feeding fiber supplements to
diabetic animals reduces nutrient absorption [1,2]. In humans, dietary
fiber has been used to reduce the blood concentrations of cholesterol
and triglycerides [3,4], presumably acting to reduce the intestinal
absorption of lipids. Similarly, long-term feeding studies incorporat-
ing viscous soluble fiber in the form of β-glucan have demonstrated
reductions in plasma cholesterol concentrations in hypercholester-
olemic men [5,6]. The inhibitory effect of viscous soluble fiber on
postprandial rise in glucose and insulin [7] is diminished when the
viscosity of the fiber preparation is reduced by acid treatment [8].

β-Glucan is a type of soluble fiber that is found in cereal grains
such as oats and barley [8,9]. Molecular weight, solubility and
viscosity are important physicochemical properties of β-glucan that
are affected by the genetic attributes of oat/barley grains (waxy vs.
nonwaxy), as well as processing conditions [10]. These physicochem-
ical properties influence the functionality of β-glucan in the body [11–
13] (e.g., as demonstrated by Wood et al. [14] in terms of the
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Table 1
Properties and sources of β-glucan extracts

Extract Source β-Glucan content
of extracts (% wt/wt)

Viscosity of 0.5%
(wt/wt) extract solution
(mPa s measured at
129 s−1 and 20°C)

E1 Barley (Candle variety) High (74.1%) High (37.2)
E2 Barley (Candle variety) High (74.1%) Low (5.0)
E3 Oat (Derby variety) High (78.5%) High (17.8)
E4 Oat (Derby variety) High (78.5%) Low (6.0)
E5 Barley (Candle variety) Medium (50%) Higha

a Unfortunately, the data on E5 viscosity have been lost.

Table 2
Primer sequences for reverse transcription PCR

Gene Forward primer Reverse primer PCR size
(bp)

FAS GGTCTTGAGAGATGGCTTGC CAGGTTGACAGCAGCCAAGT 519
ACC TACATGCCCAAGAGCGTACA GCCATCCACAATGTAAGCAC 510
SREBP-1a GCTTTGGAGCAGGCGCTG GGGCTGGGGTAGCCTAAC 476
SREBP-1c CGCGGAGCCATGGATTGC GGGCTGGGGTAGCCTAAC 440
SREBP-2 CTGGCTGCTCAAGAAAGTCT AAGGACTCTATAGCTCGCTC 540
i-FABP GGCTGGAATGTAGTGGAGAG CTGGGCACTGTCGAATGTAC 128
ILBP TGGGATCGCCAGCGATGTAAT CGGAGTAGTGCTGGGACCAA 101
FATP4 CTGCCTGAGCTGCACAAAAC GTAGATAGAACAGCGGGTCTTCAC 102
Actin GTTGCTATCCAGGCTGTG CATAGTCCGCCTAGAAGC 739

696 L.A. Drozdowski et al. / Journal of Nutritional Biochemistry 21 (2010) 695–701
relationship between β-glucan viscosity and glycemic response). High
β-glucan oat bran and oat gum reduce postprandial blood glucose and
insulin in subjects with and without type 2 diabetes [15]. It has been
suggested that cereals that are high in β-glucan increase the viscosity
of meal bolus in the small intestine, thereby delaying nutrient
absorption [16].

An increase in the effective resistance or viscosity of the unstirred
water layer (UWL) adjacent to the intestinal brush border membrane
(BBM) reduces the uptake of lipids and sugars [17–19]. It is not known
whether the inhibitory effect of viscous dietary fibers on the uptake of
lipids is due to an increase in the viscosity — and therefore the
resistance — of the UWL, a direct effect on the BBM or some other yet
unidentified mechanism. Thus, it is important to examine the effect of
these extracts on lipid uptake under experimental conditions, where
UWL resistance is both high and low. Previous studies have validated
the use of this in vitromethod inwhich the thickness and resistance of
the UWL are highwhen the bulk phase is unstirred (0 rpm).When the
bulk phase is stirred at 600 rpm, the thickness and resistance of the
UWL are lower. The high-resistance situation applies to the in vivo
situation and largely reflects the viscosity of the UWL. When the
resistance of the UWL is low, the potential effects of the β-glucan on
the function of the intestinal BBM may be better assessed.

The uptake of cholesterol and long-chain fatty acids across the
BBM is mediated both by passive transport and by BBM transporters
[20,21]. Once lipids are in the enterocytes, theymay bemetabolized or
transported out of the cell. Three key transcription factors designated
as sterol regulatory element-binding proteins (SREBPs) 1a, 1c and 2
regulate the transcription of genes involved in fatty acid and
cholesterol syntheses [22]. Dietary polyunsaturated fatty acids
suppress intestinal SREBP-1c mRNA without altering the expression
of its target gene fatty acid synthase (FAS) or acetyl-CoA carboxylase
(ACC) [23], but the effects of dietary fiber extracts on these pathways
are not known. In addition, beyond the observation that intestinal
fatty-acid-binding protein (i-FABP) mRNA is lower in exfoliated
colonocytes in the feces of rats fed oat bran versus rats fed wheat bran
[24], our understanding of the regulation of genes involved in fatty
acid uptake in the intestine [fatty acid transport protein 4 (FATP4),
ileal lipid-binding protein (ILBP) and i-FABP] is limited. These fatty-
acid-binding proteins may play a role in the intestinal absorption of
lipids [25,26]. Accordingly, the objective of this study was to test the
hypothesis that the β-glucan in barley and oats has an antiabsorptive
effect and that the inhibitory effect is influenced by the physico-
chemical properties of the β-glucan and may also be associated with
down-regulation of i-FABP and FATP4 genes involved in fatty acid
uptake in rats.

2. Materials and methods

2.1. Preparation of β-glucan extracts

Derby and CDC Candle varieties of regular oats and waxy barley, respectively, were
used for the extraction of β-glucan. High-purity (HP) and high-viscosity (HV) β-glucan
fractions were prepared by alkali extraction (using sodium bicarbonate at pH 9 and
55°C for 1 h) of β-glucan from oat/barley flour (from grains pearled to 20% and pin
milled), followed by its precipitation, washing with ethanol and air drying, as
previously described by Thomson and Dietschy [18]. Low-viscosity (LV) β-glucan
fractions were obtained by exposing the HV β-glucan solutions to excess shear by
pumping the solution through a Microfluidizer Processor (M-110 EH; Microfluidics,
Newton, MA) at a pressure between 15,000 and 20,000 psi. Medium-purity (MP)
barley (CDC Candle) β-glucan extract was prepared in accordance with Vasanthan and
Temelli [27].

The β-glucan content of the extracts was determined according to the enzymatic
assay procedure of McCleary and Glennie-Holmes [28] using the β-glucan determina-
tion kit obtained from Megazyme International Ireland, Ltd. (Wicklow, Ireland).
Solutions of different gum concentrations (0.2–1.0%, wt/wt) were prepared by mixing
the powder into water, heating it up to 85°C and holding it at that temperature for 1 h
with continuous stirring to ensure complete solubilization of β-glucan.

The viscosity of β-glucan gum solutions was determined using a UDS 200 Dynamic
Spectrometer (rheometer) (PAAR Physica, Glen Allen, VA) in control shear rate mode
equipped with a DG27 double-gap cup and bob and a Peltier temperature control unit.
Viscosity was determined in duplicate at a shear rate of 129 s−1 (100 rpm). The
instrument was calibrated with S3 standard oil (3.408 mPa s at 25°C; Cannon
Instrument Co., State College, PA). Tests were performed at 20°C (±0.03°C) using a 7-
ml sample size, which was measured by weight, not by volume, for increased accuracy.

2.2. Animals

The principles for the care and use of laboratory animals, approved by the Canadian
Council on Animal Care and the Council of the American Physiological Society, were
observed in the conduct of these studies. The protocol was approved by the Animal
Ethics Committee of the University of Alberta. Forty-eight adult male and female
BioBreeding ratswere housed in pairs at a temperature of 21°C, with 12 h of light and 12
h of darkness. Water and food were supplied ad libitum. Animals were fed a standard
laboratory chow diet.

2.3. Lipid uptake studies

2.3.1. Tissue preparation and incubation
The animals (seven to eight in each group) were sacrificed by an intraperitoneal

injection of Euthanyl (sodium pentobarbital, 240 mg/100 g body weight). The whole
length of the small intestine was rapidly removed and rinsed with cold saline. The
intestine was opened along its mesenteric border. The proximal third (“jejunum”) and
the distal third (“ileum”) of the intestine were cut and mounted as flat sheets in
transport chambers. The chambers were placed in preincubation beakers containing
oxygenated Krebs–bicarbonate buffer (pH 7.2) at 37°C, and tissue discs were
preincubated for 15 min to allow the tissue to equilibrate at this temperature. The
rate of uptake of nutrients was determined from the timed transfer of the transport
chambers to incubation beakers containing [3H]inulin and 14C-labeled nutrients in
oxygenated Krebs–bicarbonate buffer (pH 7.2, 37°C).

The 14C-labeled probes included stearic acid (18:0), linoleic acid (18:2) and
cholesterol. The labeled probes were supplied by Amersham Biosciences, Inc. (Baie
d'Urfe, QC), and unlabeled probes were supplied by Sigma (St. Louis, MO).

In the first experiment, five freshly prepared β-glucan extracts (E1, E2, E3, E4 and E5)
frombarleyor oat sources (Table 1)were added directly toKrebs–bicarbonate buffer at a
concentration of 0.5% (wt/wt). No extract was added to the control solution. The probe
concentrations used were 0.10 mM long-chain fatty acids and 0.05 mM cholesterol.

For “stirred” solutions, preincubation and incubation beakers were mixed with
circular magnetic bars at identical stirring rates, which were precisely adjusted using a
strobe light. Stirring rates were reported as revolutions per minute. A stirring rate of
600 rpm was selected to achieve a low effective resistance of the intestinal UWL
[15,29,30]. For “unstirred” solutions, preincubation beakers were stirred at 600 rpm,
but the test solution in the incubation beakers was unstirred (0 rpm).

In the second uptake experiment, we examined the effect of 0.5% E1 (HP, HV barley
β-glucan) on the in vitro intestinal uptake of varying concentrations (0.05–0.2 mM) of
18:0, 18:2 and cholesterol when the bulk phase was stirred at 600 rpm.

In all of these experiments, the lipids were solubilized in 20 mM taurodeoxycholic
acid (Sigma), and [3H]inulin was used as a nonabsorbable marker to correct for
adherent mucosal fluid volume.



Table 3
The effect of β-glucan extracts on the in vitro intestinal uptake of 18:0, 18:2 and cholesterol under conditions where the UWL resistance was high (bulk phase was unstirred)

In vitro intestinal uptake (nmol 100 mg−1 min−1)

Control Extract 1 (HP, HV barley) Extract 2 (HP, LV barley) Extract 3 (HP, HV oat) Extract 4 (HP, LV oat) Extract 5 (MP, HV barley)

Jejunum
18:0 0.34±0.06 0.19±0.04 0.21±0.04 0.27±0.07 0.23±0.03 0.18±0.04
18:2 0.42±0.07 0.20±0.04 ⁎ 0.19±0.03 ⁎ 0.10±0.02 ⁎ 0.27±0.06 ⁎ 0.06±0.02 ⁎

Cholesterol 0.35±0.02 0.30±0.04 0.31±0.04 0.32±0.03 0.25±0.02 0.34±0.02
Ileum
18:0 0.28±0.04 0.25±0.05 0.24±0.04 0.24±0.04 0.29±0.04 0.27±0.06
18:2 0.66±0.09 0.02±0.03 ⁎ 0.33±0.11 ⁎ 0.27±0.05 ⁎ 0.14±0.03 ⁎ 0.12±0.03 ⁎

Cholesterol 0.38±0.03 0.23±0.08 0.37±0.03 0.29±0.03 0.30±0.03 0.39±0.03

The lipids were solubilized in 20 mM taurodeoxycholic acid. The number of animals in each group was 8 (mean±S.E.M.).
Extract 1=HP, HV barley β-glucan; Extract 2=HP, LV barley β-glucan; Extract 3=HP, HV oat β-glucan; Extract 4=HP, LV oat β-glucan; Extract 5=MP, HV barley β-glucan.
⁎ Significantly different from control (ANOVA, SNK multiple-range test: Pb.05). Comparisons were made within each row.
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2.3.2. Determination of uptake rates
After the incubation of the discs in labeled solutions for 6 min, the experiment was

terminated by removing the chamber and by rinsing the tissue in cold saline for
approximately 5 s. The exposed mucosal tissue was then cut out of the chamber with a
circular steel punch, placed on a glass slide and dried overnight in an oven at 55°C. The
dry weight of the tissue was determined, and the tissue was transferred to scintillation
counting vials. The samples were saponified with 0.75 M NaOH, scintillation fluid was
added and radioactivity was determined with an external standardization technique to
correct for variable quenching of the two isotopes.

The rates of uptake of nutrients were determined as nanomoles per 100 mg of
tissue per minute. Two-way analysis of variance (ANOVA) was performed, and
individual differences were determined using the Student–Neuman–Keuls (SNK)
multiple-range test. Statistical significance was accepted as P≤.05.

2.4. Gene expression studies

2.4.1. NCI-H716 intestinal cell culture
The methods used for intestinal cell culture have been published [31,32]. Human

NCI-H716 cells were obtained from the American Type Culture Collection (Rockville,
MD). For proliferation, the cells were grown in a suspension in RPMI 1640
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 IU/ml
penicillin and 100 μg/ml streptomycin. For the experiments, a total of 2×106 cells were
seeded in six-well culture plates coated with Matrigel (Becton Dickinson, Bedford, MA)
and grown in Dulbecco's modified Eagle's medium high glucose, 10% FBS, 2 mM
L-glutamine, 100 IU/ml penicillin and 100 μg/ml streptomycin. After 24 h, a fresh
mediumwithout serum but containing 0.2% delipidated bovine serum albumin and test
agents were added. After 42 h, the cells werewashedwith Hank's balanced salt solution
and stored at −80°C until RNA extraction.

2.4.2. Analysis of mRNA expression
Total RNA was extracted using the RNeasy total RNA purification system, as

described by the manufacturer (Qiagen). Reverse transcription was performed with an
input of 1 μg of total RNA using the First Strand cDNA Synthesis Kit for RT-PCR (AMV)
(Boehringer Mannheim) with oligod(T)15 as primer. Primers used for the amplification
of cDNAs of interest were synthesized by Sigma Genosys (Ontario, Canada) and are
described in Table 2. Polymerase chain reactions (PCRs) were heated for two cycles to
98°C for 1 min, 60°C for 2 min and 72°C for 2 min, and then cycled 28 times through a
1-min denaturation step at 94°C, a 1-min annealing step at 60°C and a 2-min extension
step at 72°C in a DNA thermal cycler (Eppendorf USA). Actin primers were included in
the reaction as internal controls for all genes. To ensure the quality of semiquantifica-
tion PCR, both the control sequence and the sequence of interest were found to be in
their log phase at 28 cycles, and the efficiencies of amplification of both sequences were
Table 4
The effect of β-glucan extracts on the in vitro intestinal uptake of 18:0, 18:2 and cholesterol un

In vitro intestinal uptake (nmol 100 mg−1 min−1)

Control Extract 1 (HP, HV barley) Extract 2 (HP, LV barley)

Jejunum
18:0 80±0.14 0.35±0.06 1.00±0.23
18:2 1.49±0.13 1.09±0.14 1.41±0.28
Cholesterol 0.80±0.06 0.65±0.08 0.71±0.07
Ileum
18:0 0.69±0.07 0.29±0.04 ⁎ 0.51±0.08
18:2 1.03±0.09 0.63±0.08 ⁎ 0.82±0.09
Cholesterol 0.73±0.05 0.57±0.11 0.63±0.06

The lipids were solubilized in 20 mM taurodeoxycholic acid. The number of animals in each g
Extract 1=HP, HV barley β-glucan; Extract 2=HP, LV barley β-glucan; Extract 3=HP, HV oat
⁎ Significantly different from control (ANOVA, SNK multiple-range test: Pb.05). Compariso
similar. The reverse transcriptase step was equally efficient on both sequences. PCR
products (10 μl) were separated on a 2% agarose gel and visualized by ethidium
bromide staining. Quantification of the PCR products was performed using the
densitometric NIH Image Program.

Results are presentedas the averageof aminimumof three independent experiments.
Values for mRNA expression are expressed as average densitometric units±S.E.M.
Statistical significance is represented as P≤.05 and determined using ANOVA.
3. Results

3.1. Effect of β-glucan extracts on lipid uptake

In the first experiment, five freshly prepared β-glucan extracts
(E1, E2, E3, E4 and E5) from barley or oat sources (Table 1) were
added to the test solutions at a concentration of 0.5%. In order to
mimic the high UWL resistance observed in the intestine in vivo, we
examined the in vitro uptake of nutrients when the bulk phase was
unstirred (0 rpm) and, therefore, the UWL resistance was high.
Under these conditions, the β-glucan extract preparations in a
concentration of 0.5% had no effect on the jejunal or ileal uptake of
0.1 mM 18:0 or 0.05 mM cholesterol (Table 3). In contrast, each of
the extracts significantly reduced both the jejunal uptake and the
ileal uptake of 0.1 mM 18:2.

When the bulk phase was stirred at 600 rpm and the resistance of
the UWL was low, the jejunal uptake of 0.1 mM 18:0 was not
significantly affected by any of the extracts (Table 4). E3 (HP, HV oat)
and E5 (MP, HV barley) significantly reduced the jejunal uptake of 0.1
mM 18:2. E5 (MP, HV barley) reduced jejunal cholesterol uptake. In
the ileum, E1 (HP, HV barley) and E5 (MP, HV barley) reduced 18:0
uptake. Uptake of 18:2 was significantly reduced by E1 (HP, HV
barley), E3 (HP, HV oat), E4 (HP, LV oat) and E5 (MP, HV barley). Ileal
cholesterol uptake was reduced by E5 (MP, HV barley).

In the second experiment, we examined the effect of 0.5% E1 on the
in vitro jejunal and ileal uptakes of varying concentrations (0.05–
0.2 mM) of 18:0,18:2 and cholesterol when the bulk phasewas stirred
der conditions where the UWL resistance was low (bulk phase was stirred at 600 rpm)

Extract 3 (HP, HV oat) Extract 4 (HP, LV oat) Extract 5 (MP, HV barley)

0.75±0.11 0.76±0.15 0.29±0.06
0.74±0.11 ⁎ 0.95±0.20 0.74±0.08 ⁎

0.64±0.04 0.87±0.09 0.37±0.05 ⁎

0.50±0.07 0.62±0.07 0.14±0.05 ⁎

0.59±0.05 ⁎ 0.53±0.04 ⁎ 0.63±0.07 ⁎

0.63±0.04 0.66±0.10 0.34±0.05 ⁎

roup was 7–8 (mean±S.E.M.).
β-glucan; Extract 4=HP, LV oat β-glucan; Extract 5=MP, HV barley β-glucan.
ns were made within each row.



698 L.A. Drozdowski et al. / Journal of Nutritional Biochemistry 21 (2010) 695–701
at 600 rpm (Fig. 1). The inhibitory effect of 0.5% E1 on the jejunal and
ileal uptakes of varying concentrations of 18:0 and 18:2 became
greater with higher concentrations of these fatty acids. The inhibitory
effect of E1 became statistically significant only at higher concentra-
tions of 18:0 (Fig. 1). Similarly, at higher concentrations of 18:2, E1
significantly inhibited jejunal uptake (Fig. 1). In contrast, even when
the concentration of cholesterol was varied from 0.05 to 0.20 mM, E1
had no effect on cholesterol uptake (Fig. 1). Thus, the lack of effect of
E1 on the uptake of cholesterol at a concentration of 0.05 mM
(Table 4) cannot be regarded as a result of the concentration of
cholesterol and likely represents a true lack of effect of E1 on
cholesterol uptake.
Fig.1. The effect of 0.5% Extract #1 on the jejunal and ileal uptake of varying concentrations of 18
of the lines. The bulk phase was stirred at 600 rpm. The lipids were solubized in 20 mM tauro
variety) beta glucan (n=8).
3.2. Effect of β-glucan on mRNA expression

Five freshly prepared β-glucan extracts (E1, E2, E3, E4 and E5) from
barley or oat sources (Table 1) were added to the culture media at a
concentration of 0.5% (wt/wt). Expression of the lipogenic gene FASwas
significantly reduced by all five β-glucan extracts (Fig. 1). However, a
greater inhibition of FASmRNAwas demonstratedwith the HV extracts
(E1, E3 and E5). Only the HV barley (E1) and oat (E3) extracts inhibited
the expression of ACC (Fig. 2). The HV extracts E1, E3 and E5 significantly
reduced the abundance of the transcription factor SREBP-1a involved in
fatty acid synthesis (Fig. 3). The LV extracts (E2 and E4) significantly
reduced SREBP-1a mRNA abundance, but to a lesser extent than the HV
:0,18:2 and chlolesterol. * Indicates a significant difference (pb0.05) between the slopes
deoxycholic acid. Extract #1 = high purity (~80%), high viscosity (HV), barley (candle



Fig. 2. The effect of β-glucan extracts on the in vitro intestinal mRNA expression of
acetyl CoA carboxylase (ACC) and fatty acid synthase (FAS). NCl-H716 cell (1 x 106)
were incubated for 42 hr with DMEM+ 0.2% BSAwith or without 0.5% (wt/vol) of one
of the 5 β-glucan extracts. PCR products for genes of interest were normalized to actin
mRNA to control for any loading discrepancies. Densitometer values are presented as
mean ± SEM. Treatments with different letters are significantly different (Pb0.05).

Fig. 4. The effect of β-glucan extracts on the in vitro intestinal mRNA expression of i-
FABP, FATP4 and ILBP.
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extracts. While SREBP-1c mRNA abundance was also reduced by all
three HV extracts, only barley (E1) was significant (P≤.05), with E3
(P=.07) and E5 (P=.06) showing a trend toward decreased expression.
The expression of the SREBP-1c transcription factor was not affected by
the LV extracts. Similarly, only the HV extracts (E1, E3 and E5) reduced
the mRNA levels of SREBP-2.

All five β-glucan extracts reduced i-FABP and FATP4 mRNA levels
(Fig. 4). Although mRNA levels of ILBP appeared to increase with the
higher-viscosity extracts, this differencewas not statistically significant.

4. Discussion

4.1. Lipid uptake

In the natural setting in the intestine, the effective resistance of the
intestinal UWL is high, and this is best mimicked in the experimental
setting where the bulk phase is unstirred [16]. Under these
circumstances, each of the extracts reduced the jejunal uptake of
18:2, but not 18:0 or cholesterol (Table 3). The uptake of these lipids is
sensitive to UWL resistance, and this resistance can be enhanced
further by an increase in the viscosity of the UWL [17]. As well, the
thickness of UWL has been shown to increase in the presence of β-
glucan solution [33]. Therewas no influence of either the HV β-glucan
extracts or the LV β-glucan extracts on the uptake of either 18:0 or
cholesterol, suggesting that the effect of UWL resistance on the uptake
of these lipids had already reached a maximum and could not be
increased further by the addition of β-glucan.

Each of the extracts inhibited the jejunal and ileal uptakes of 18:2
when unstirred layer resistance was high (Table 3), suggesting the
Fig. 3. The effect of β-glucan extracts on the in vitro intestinal mRNA expression of
SREBP-1a, SREBP-1c and SREBP-2.
possibility that the inhibitory effect of these extracts was not due only
to their viscosity but due also to a direct effect of the extracts on the
BBM passive or carrier-mediated processes of lipid uptake. To better
examine the effect of the extracts on BBM-mediated events,
experiments were performed when the bulk phase was stirred at
600 rpm to reduce the effective UWL resistance. Indeed, a direct effect
of the β-glucan on the BBM uptake of 18:2 can be demonstrated when
the bulk phase is stirred (600 rpm) and UWL resistance is low (Table
4). In addition, some— but not all— of the extracts inhibited 18:0 and
cholesterol uptakes under these conditions (Table 4).

β-Glucan had no effect on cholesterol uptake (Table 3) under
conditions where the bulk phase was unstirred. However, E5
significantly reduced jejunal and ileal cholesterol uptakes when the
bulk phase was stirred (Table 4), suggesting possible effects on the
BBM. Of interest, long-term feeding studies incorporating viscous
soluble fiber in the form of β-glucan have demonstrated reductions in
plasma concentrations in hypercholesterolemic men [5,6]. Since these
in vitro studies enable us to look only at the influence of β-glucan on
the diffusion of cholesterol across the UWL and permeation through
the UWL, it needs to be emphasized that it is possible that the β-
glucan may also modify cholesterol absorption by an influence on
some other step in the cholesterol absorption process, such as
enterocyte metabolism or exit of cholesterol from the enterocyte
across the basolateral membrane.

Under stirred conditions, the inhibitory effect on the uptake of two
long-chain fatty acids was even greater at higher concentrations of
18:0 and 18:2 (Fig. 1). This inhibitory effect was unlikely an effect on
bile acid micelles, since inhibitory effects on cholesterol uptake were
not seen at higher concentrations (Fig. 1). Still, it is possible that β-
glucan inhibits the uptake of other nutrients such as cholesterol at
concentrations higher than those used in this study.

This study did not demonstrate a marked difference between the
effects of β-glucan derived from barley and the effects of β-glucan
derived from oats on in vitro intestinal transport. In fact, there is now
sufficient evidence to suggest that four major water-soluble fiber
types, β-glucan, psyllium, pectin and guar gum, are effective in
lowering total and low-density lipoprotein levels in humans. Given
the similarity in responses reported for the four fiber types, it is
possible that a common hypocholesterolemic mechanism may exist.
However, one difference that has been noted between fiber types is
the relative production of acetate, propionate, butyrate and total
short-chain fatty acids (SCFAs) — the fermentation byproducts of
dietary fiber utilization by bacteria in the gut. Wood et al. demon-
strated that oat β-glucan fermented more rapidly than guar gum, and
this was reflected in higher concentrations of total SCFA and,
particularly, acetate and butyrate. Butyrate production was greater
with oat β-glucan thanwith guar gum at all time points assessed over
a 24-h incubation period. While data remain controversial, it has been
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suggested that SCFA production and the propionate/acetate ratio may
influence lipid metabolism.

While there appears to be a certain commonality between the
effects of various dietary fiber types on lipid metabolism/cardiovas-
cular risk, the differences noted by varying the viscosity of dietary
fibers is more pronounced, particularly in terms of glycemia. Jenkins
et al. have demonstrated that a necessary property of dietary fiber that
maximizes benefits on blood glucose control is HV, which likely acts
via changes in absorption and transit time. Reducing the viscosity of
guar gum via hydrolysis results in concurrent loss of clinical efficacy.
In our work, although it appears that HV β-glucan may have had a
more pronounced effect on lipid uptake (under stirred conditions)
than did the lower-viscosity extracts (Table 4), further study is
required to determine the optimal extract composition for use as an
antiabsorptive agent.

4.2. Gene expression

We examined the direct effects of the five β-glucan extracts on the
expression of selected genes involved in intestinal fatty acid and
cholesterol uptake and metabolism. Solutions containing the barley
and oat extracts at 0.5% were incubated with the NCI-H716 intestinal
cell line. Consistently, the HV extracts were able to down-regulate the
expression of FAS, ACC, SREBP-1a and SREBP-1c, genes known to play
critical roles in fatty acid synthesis. Similarly, the expression of SREBP-
2, which is involved in cholesterol synthesis, was specifically down-
regulated by the HV extracts.

In contrast to the extensive evidence for the role of dietary lipids in
regulating fatty acid synthesis in the liver and the involvement of
SREBPs, little is known regarding this regulation in the intestine. This
lack of understanding should not undermine the importance of the
intestine to overall lipid metabolism in the body. While the liver is the
most important site of cholesterol synthesis under normal lipidemic
conditions, the intestine is also an important contributor, and both
tissues play a pivotal role in the overall balance of cholesterol in the
body. Of the total amount of cholesterol synthesized each day in the
body, the liver and intestine account for 15% and 10%, respectively. In
the hypercholesterolemic state, while most organs reduce cholesterol
biosynthesis in response to fasting, the intestine becomes a major
production site and can increase its contribution by up to 50%.

Our findings in the intestinal cell line showing a down-regulation
of SREBP-2, a key transcription factor involved in cholesterol
synthesis, indicate that changes at the level of transcription may be
occurring within the cells to modify cholesterol metabolism. Field
et al. [34,35] have shown that mRNA levels of SREBP-2 were increased
in the intestines of hamsters on a cholesterol-depletion diet and were
minimally suppressed by a diet enriched in cholesterol. In the CaCo-2
intestinal cell line, these same investigators showed that cholesterol
influx decreased mRNA levels of SREBP-2 and that depleting cells of
cholesterol increased SREBP-2 mRNA levels [36]. Given that only the
E5 extract was able to inhibit cholesterol uptake in the absorption
studies, the down-regulation of SREBP-2 mRNA seen most promi-
nently with the HV barley extract is likely due to mechanisms other
than cholesterol influx. Whether the cellular changes we have
demonstratedwill result in reduced cholesterol output from intestinal
cells remains to be elucidated.

In addition to regulating cholesterol metabolism, the intestine also
plays an integral role in fatty acid uptake and synthesis. Only recently
have Field et al. [23] shown that ingestion of fat by hamsters decreases
fatty acid synthesis in the proximal small intestine. Specifically,
feeding n−3 polyunsaturated fatty acids suppressed intestinal SREBP-
1c mRNA levels. Independently in our in vitro experiments, we
showed that the uptake of long-chain fatty acids is inhibited and that
FAS, ACC, SREBP-1a and SREBP-1c mRNA levels are decreased with β-
glucan extracts. While our work expands the understanding of the
regulation of genes involved in intestinal fatty acid synthesis by
demonstrating that β-glucan, particularly HV extracts, down-regu-
lates FAS, ACC, SREBP-1a and SREBP-1c, much more work is needed to
fully understand the pathways involved in fatty acid synthesis in the
intestine and its implications for cardiovascular health.

While our understanding of the function of i-FABPs remains far
from complete, we do know that increases in the amount of lipid in
the diet coordinately increase the expression of lipid-binding proteins
[37]. Our labeled uptake studies demonstrate an antiabsorptive effect
of barley β-glucan extracts on stearic and linoleic acids in the rat
intestine. This would support the reduced i-FABP and FATP4 mRNA
independently observed in the expression studies. Chapkin et al. [24]
have also shown that i-FABP mRNA in exfoliated colonocytes in the
feces of rats fed oat bran is lower than that in the feces of rats fed
wheat bran. More recently, blocking of FATP4 function has been
targeted as an alternative treatment to pancreatic lipase inhibitors for
inhibition of fat absorption. Using targeted deletion, Gimeno et al. [38]
demonstrated that the loss of one allele of FATP4 inmice reduced fatty
acid uptake but did not alter fat absorption on either a normal-fat diet
or a high-fat diet. Deletion of both FATP4 alleles, however, resulted in
embryonic lethality. Given the rising incidence of obesity and insulin
resistance, treatments that inhibit intestinal fat absorption are
important targets and may involve cereal β-glucans.

In summary, this study demonstrates that β-glucan inhibits the in
vitro uptake of the long-chain fatty acids 18:0 and 18:2, particularly at
higher fatty acid concentrations. Under certain experimental condi-
tions, cholesterol uptake was also reduced. The expression of
intestinal genes associated with fatty acid and cholesterol syntheses
and fatty acid transport was also down-regulated. The potential use of
β-glucan in the reduction of nutrient absorption in humans warrants
further study.
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