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Dietary fibre is fermented by the human gut flora resulting mainly in the formation of SCFA, for example, acetate, propionate and butyrate. SCFA,

in particular butyrate, may be important for secondary cancer prevention by inducing apoptosis and inhibiting cell growth of cancer cells, thereby

inhibiting the promotion and/or progression of cancer. Furthermore, SCFA could also act on primary cancer prevention by activation of detoxify-

ing and antioxidative enzymes. We investigated the effects of fermented wheat aleurone on the expression of genes involved in stress response and

toxicity, activity of drug-metabolising enzymes and anti-genotoxic potential. Aleurone was digested and fermented in vitro to obtain samples that

reflect the content of the colon. HT29 cells and colon epithelial stripes were incubated with the resulting fermentation supernatant fractions (fs) and

effects on mRNA expression of CAT, GSTP1 and SULT2B1 and enzyme activity of glutathione S-transferase (GST) and catalase (CAT) were

measured. Fermented aleurone was also used to study the protection against H2O2-induced DNA damage in HT29 cells. The fs of aleurone

significantly induced the mRNA expression of CAT, GSTP1 and SULT2B1 (HT29) and GSTP1 (epithelial stripes), respectively. The enzyme

activities of GST (HT29) and CAT (HT29, epithelial stripes) were also unambiguously increased (1·4- to 3·7-fold) by the fs of aleurone. DNA

damage induced by H2O2 was significantly reduced by the fs of aleurone after 48 h, whereupon no difference was observed compared with the

faeces control. In conclusion, fermented aleurone is able to act on primary prevention by inducing mRNA expression and the activity of enzymes

involved in detoxification of carcinogens and antioxidative defence.

Catalase: Fermented aleurone: Glutathione S-transferases: Human colon cells: Sulfotransferases

Dietary fibre is considered to be a key component in the
health benefits of fruits, vegetables and whole-grain cereals.
Cereal grains contain high amounts of dietary fibre and
other physiologically beneficial substances, for example,
minerals, vitamins and phenolic acids. In wheat grains, the
bran fraction, or more precisely the aleurone layer which
forms the outer part of the endosperm, is rich in these
substances(1). The consumption of dietary fibre may have
protective effects on the colon by elevating faecal volume
und enhancing defecation, thereby reducing the exposure of
colonocytes to cancer risk factors contained in the faeces.
In addition, protection may be also a result of the bacterial
fermentation of dietary fibre by the formation of SCFA,
namely acetate, propionate and butyrate(2).

Butyrate, in particular, has received much attention as a
potential cancer-preventive agent, because of its ability to
induce apoptosis and differentiation as well as to inhibit
proliferation of transformed cells(3,4). Additionally, butyrate
could contribute to risk reduction, for example, by enhancing
expression of glutathione S-transferases (GST) and other
enzymes that are involved in detoxification processes(3).
Under physiological conditions, butyrate affects human

colon cells not separately but rather in conjunction with
other fermentation products, which are formed simultaneously
by microbial degradation of dietary fibre. Detailed evidence is
limited on how fermentation products from dietary fibre
sources such as grains interact with human intestinal cells
and how these affect cells in comparison with analogous
SCFA concentrations or butyrate alone(5,6).

Cancer chemoprevention is characterised by the use of
natural or synthetic substances to prevent the development
of invasive cancer(7). One mechanism of chemoprevention
could involve protection against genotoxic compounds at the
initiation and progression stage of colon carcinogenesis.
Agents involved in the so-called primary prevention thus
impede cancer-inducing compounds from reaching or reacting
with specific target sites, for example, by preventing the
formation of ultimate carcinogens or reactive oxygen species
(ROS)(8). Experimental evidence supports an important
role for ROS in the pathogenesis of cancer in rodents and
human subjects(9). ROS such as superoxide (zO2), H2O2 and
hydroxyl radicals (OHz) are highly reactive oxidants that are
formed during cell metabolism, signal transduction, or
indirectly by various types of toxins. An imbalance between
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the formation of ROS and the antioxidative defence system
results in oxidative stress. This can cause damage to lipids,
proteins and/or DNA. Therefore, an increase in ROS in
the cell contributes to numerous degenerative diseases,
including the initiation and promotion/progression stages of
carcinogenesis(10 – 13).

For protection against oxidative stress the cells express
different types of stress-response enzyme systems, including
GST, peroxidases and catalase (CAT). H2O2 is rapidly
detoxified by CAT, which is the key defence system against
oxidative stress. Therefore, a high level of expression or
activity could be associated with less genetic damage and
thereby reduce colorectal cancer risk(12,14 – 16). Furthermore,
GST and sulfotransferases (SULT) are phase II enzymes
which can detoxify a number of carcinogens by conjugation
of diverse electrophiles with glutathione or a sulfate group,
respectively, and thus prevent these metabolites from binding
to and damaging DNA(17). It has been proposed that an
enhancement of their activity might result in more efficient
elimination of carcinogens and therefore reduce the suscep-
tibility to cancer(15,18,19).

The aim of the present study was to examine whether
the expression of genes involved in stress response and
toxicity can be modulated by complex fermentation super-
natant fractions (fs) of aleurone obtained from different
wheat varieties. The fs were generated using an in vitro
batch model(20). This model simulates the physiological
conditions in the human intestine and provides an experi-
mental approach to investigate the interactions of the
resulting fermentation products, for example, SCFA, with
the colon cells. Another aim was to investigate the functional
consequences of an increased expression of the respective
genes. We thus determined the enzyme activities of CAT
and GST in HT29 cells incubated with the complex
fs. Additionally, we compared the effects of the fs with
those of butyrate and with a SCFA mixture prepared
according to the fermentation samples. As mentioned above,
GST and CAT are connected with inactivation of cancer
risk factors, for example, H2O2. Hence, it was of interest if
the complex fs exhibit an increased detoxifying potential
towards H2O2. Furthermore, an important aim of the study
was to examine whether genes and enzyme activities involved
in detoxification can also be elevated in non-transformed
human colon cells. In addition, we compared the effects
in both human colon cell types, which were used in the
present study. The results of our experiments were expec-
ted to enhance our knowledge about processes that are
involved in the detoxification of potential genotoxic and
carcinogenic agents.

Methods and materials

Dietary fibre source

Both varieties (European and American) of wheat aleurone
were provided from Kampffmeyer Food Innovation GmbH
(Hamburg, Germany). Preparation of the aleurone fraction
(ASP-2 preparation with high purity) was done by Bühler
AG (Uzwil, Switzerland) according to Bohm et al.(21).
To maintain stability of the aleurone fractions, samples were
prepared and stored in air- and light-proof flasks at 48C.

In vitro digestion and fermentation of wheat aleurone

Wheat aleurone (European and American) was digested and
fermented in vitro according to the described procedures of
Aura et al.(22) and Glei et al.(5) with some modifications(20).
The whole procedure was done in six repetitions using a
batch-culture system. Briefly, for simulation of the whole
digestive tract, samples were weighed (0·5 g fermentable
sample), mixed thoroughly with 10 ml PBS (0·1 M; pH 7·0),
and 0·85 % (w/v) saline solution (6·25 ml) was added to the
samples. A sample without wheat aleurone was used (blank;
faeces control) as a control. All incubation steps were performed
at 378C in a shaking water-bath under the same conditions.
Salivary a-amylase (Sigma A-0521; Sigma-Aldrich, Steinheim,
Germany) diluted to 1000 U/ml with 20 mM-sodium phosphate
buffer was added (17·36 U/sample), and the samples were
incubated for 5 min. HCl solution (150 mM; 2·81 ml) was
added to lower the pH to 2·0. Pepsin (Sigma P-7012;
1·11 mg) dissolved in 0·94 ml of 20 mM-HCl solution per
sample or blank was added and the mixture was incubated
for 2 h. An intestinal extract was produced by dissolving 3 mg
ox gall (Fluka-Sigma 70 168) and 2·6 mg pancreatin (Sigma
P-1750) in 5 ml sodium bicarbonate buffer (11 mM; pH 6·5).
The intestinal extract was added to each sample or blank,
the pH was adjusted to 6·5 using NaOH solution (10 M)
and the suspension (25 ml) was filled into a dialysis tube
(4596·1, molecular weight cut-off 1000 Da; Roth, Karslsruhe,
Germany). The tubes were placed into glass bottles filled
with 2 litres dialysis buffer (13·61 g potassium phosphate
and 1·88 g sodium bicarbonate dissolved in distilled water;
pH 6·5) and incubated for 6 h at 378C under semi-anaerobic
conditions. Semi-anaerobic conditions in the glass bottles
were achieved by removing a part of the air with an injected
cannula (0·5 bar for 1 min). Subsequently, the bottles were
filled with a fermentation gas mixture (86 % N2, 10 % CO2

and 4 % H2) via the cannula (0·8 bar for 1 min). After 15 min
(seven cycles repeated), the cannulae were removed. At the
end of the incubation, the suspension was transferred
from the dialysis tube into a 500 ml glass bottle and the pH
was measured for each sample.

The in vitro fermentation was performed as described by
Glei et al.(5) with slight modifications. At least three human
donors provided faeces for the preparation of the faecal
inoculums. All fermentations were conducted under anaerobic
conditions at 378C for 24 h (thirteen or fourteen cycles of
removing the air and filling with the fermentation gas
mixture). The fermentation process was stopped by placing
the suspensions on ice and the pH was measured. Each sample
was transferred to 50 ml tubes and centrifuged (4200 g; 48C)
for 30 min. The supernatant fractions were transferred
into new 50 ml tubes and centrifuged again (4200 g; 48C)
for 15 min and stored at 2808C. Before sterilisation of the fs,
the samples were thawed quickly, sampled in 2 ml tubes and
centrifuged (16 000 g; 48C). Afterwards, the fs were sterilised
by filtration (pore size 0·22mm) to obtain the final fs for
use in the cell-culture experiments and chemical analysis.
The chemical analyses of the sterile fs were done by using
HPLC–MS/MS and GC–MS and the results have been
published before in Borowicki et al.(20). Moreover, before
incubation of the respective colon cells the sterilised fs were
diluted with cell-culture medium to reach a final concentration
of 5, 10 or 20 % (v/v) fs.
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Preparation of the synthetic mixtures

The synthetic SCFA mixtures (of the fs of blank and aleurone)
were prepared based on the concentrations determined by
GC–MS(20). These mixtures thus mimic the exact concen-
trations of acetate, propionate and butyrate found in the differ-
ent fs. The use of these samples in cell-culture experiments
can help to identify the role of the respective SCFA in the
biological effects of the fs. The same dilutions of the synthetic
mixtures as the fs (10 %) were used in the cell-culture
experiments.

The different SCFA were dissolved in Dulbecco’s modified
Eagle’s medium (Gibco BRL, Eggenstein, Germany)
supplemented with 10 % fetal calf serum. Sodium butyrate
(Chemical Abstracts Service (CAS) no. 156-54-7) and
sodium acetate (CAS no. 127-09-3) were obtained from
Merck-Schuchardt (Hohenbrunn, Germany). Sodium propio-
nate (CAS no. 137-40-6) was from Sigma-Aldrich Chemie
GmbH (Steinheim, Germany). All chemicals were of the
highest commercially available grade of purity.

Cell culture

The culture conditions of human colon adenocarcinoma
cell line HT29 (American Type Culture Collection (ATCC)
no. HTB-38) were previously described in Glei et al.(23).
Passages 6–24 were used for the experiments. At regular
intervals a mycoplasma test (MycoAlerte Detection Kit;
Lonza AG, Köln, Germany) was performed and contamination
with mycoplasma was excluded.

Isolation and cultivation of human epithelial stripes

Colon epithelial stripes were isolated from tissue specimens
obtained during surgery of colorectal tumours, diverticulitis
and colon polyps. The tissues were taken from the very
edges of the resected colon segments. After histological
examination the surgeon confirmed that they did not show
any micro- or macroscopic signs of malignant or inflammatory
pathology. The university ethics committee approved the
study and patients gave their informed consent (approval no.
1601-08/05). The mean age of the six donors whose colon
epithelial stripes were used for cytosol preparation was 65
(SD 11) years. Of the donors, three were male. For gene
expression analysis only five donors (three male, two
female) could be used because of degradation of one sample
during cDNA synthesis. The tissue was prepared by separating
the colon epithelium from the underlying layers of the tissue
according to a described procedure of Schaeferhenrich
et al.(24). Resulting epithelial stripes were used for incubation
and subsequent analysis of gene expression and enzyme
activities. Tissue stripes were used because they displayed
an improved survival after incubation in comparison with
single cells in suspension.

Treatment of colon epithelial stripes for analysis of gene
expression and enzyme activity

Effects on gene expression and enzyme activity in
epithelial stripes were studied after incubating the tissue

stripes with 10 and 20 % (subtoxic concentrations diluted in
medium) fs of the blank and fs of European aleurone for
10 h. Because of the small size of the available samples,
only the fs of European aleurone could be examined. There-
fore, epithelial tissue stripes were placed in Petri dishes
(35 mm2) and, after allowing the tissue pieces to settle for
15 min, they were treated with the fs dissolved in minimal
essential medium (MEM) with Earle’s salts enriched with
20 % fetal calf serum, 2 mM-glutamine, 1 % penicillin/strepto-
mycin, gentamicin (100mg/ml), fungizone (2·5mg/ml), epider-
mal growth factor (10 ng/ml), insulin (5mg/ml), transferrin
(5mg/ml) and sodium selenite (5 ng/ml)(25). After 10 h,
epithelial stripes were washed and immediately submerged
in RNAlater RNA stabilisation reagent (Qiagen, Hilden,
Germany) or they were ground in liquid N2 for enzyme
activity measurement. The epithelial stripes were stored at
2808C until further use for total RNA isolation and cytosole
extraction.

Treatment of HT29 cells for analysis of gene expression,
enzymic activity and anti-genotoxicity

HT29 cells were grown in T25 cell-culture flasks (3 £ 106

cells per flask) for gene expression analysis using
custom array or real-time PCR and in six-well plates
(1·5 £ 106 cells per well) for analysis of enzyme activity
and anti-genotoxic capacity for 24 h. Thereafter they were
treated with 10 % fs of aleurone (European and American)
for 24 h (gene expression) or 24–72 h (enzyme activity),
respectively, and with 5 and 10 % of fermented aleurone
for 24–48 h (anti-genotoxicity). In addition, for the
analyses of enzyme activities, HT29 cells were also incubated
with the corresponding synthetic SCFA mixture of each
complex fs or butyrate alone. Moreover, a positive control
(4 mM-butyrate) was used for gene expression analysis
(real-time PCR only). After incubation, the HT29 cells
were trypsinised and suspended in PBS. Viability and cell
number were determined with a CASY-cell counter
(CASYw model TT; Roche Innovatis AG CASYw Techno-
logy, Bielefeld, Germany). Subsequently, the cells were used
for investigations on mRNA expression, enzyme activity and
anti-genotoxicity.

Isolation of RNA

To isolate total RNA, epithelial stripes stored in RNAlater
solution were thawed and transferred into RLT (lysis)
buffer. Subsequently, the cell pellets were homogenised in
the presence of RLT buffer using the Polytron PT-DA 2107/
2EC Homogenizer (Fisher Scientific GmbH, Nidderau,
Germany). HT29 cells stored in RLT buffer were thawed
and lysed using QIAshredder mini spin columns.

Thereafter, total RNA was isolated using the RNeasy Plus
Mini Kit according to the manufacturer’s manual (Qiagen,
Hilden, Germany). Total RNA (dissolved in 50ml RNase-
free water) was stored at 2808C. Yield and purity of RNA
were determined with the NanoDropw ND-1000 Spectropho-
tometer (Peqlab, Erlangen, Germany) and RNA quality
(RNA integrity number; RIN) was measured using the
Bioanalyzer (Agilent Technologies Deutschland GmbH,
Böblingen, Germany).
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mRNA expression analysis using custom array

To analyse a broad range of genes involved in mechanisms of
carcinogenesis and chemoprevention, a custom-designed
cDNA microarray was used for HT29 cells.

For this, equal amounts of RNA (1mg; RIN 8·5–10) were
used for synthesising first-strand cDNA with Superscript II
RT (Invitrogen GmbH, Karlsruhe, Germany). A second-
strand cDNA was synthesised afterwards using Polymerase I,
RNaseH and Escherichia coli DNA ligase (Invitrogen
GmbH). After clean-up of the product, the double-stranded
cDNA was used to synthesise cRNA by in vitro transcription
in order to increase the amount of template used for cDNA
labelling with Cy3- and Cy5-dCTPs (GE Healthcare,
Braunschweig, Germany). The reaction product was purified
to obtain clean, labelled and single-stranded cDNA which
was hybridised with a customised cDNA array (PIQOR;
Miltenyi Biotec, Bergisch-Gladbach, Germany) containing
300 genes which are involved in colon cancer and six house-
keeping genes as described previously(26). Before this, the
glass slide arrays were preheated and prehybridised. The
final hybridisation step was carried out overnight in a humidi-
fied hybridisation chamber at 658C. After this, the custom
arrays were washed and dried before scanning and measuring
fluorescence intensity which was done by Miltenyi Biotec
(Bergisch-Gladbach, Germany). LOESS (locally weighted
scatterplot smoothing)-corrected raw data were normalised
to the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Data are presented as fold change
compared with the medium control which was set to 1 for
each experiment.

mRNA expression analysis of CAT, GST, MAF2 and
SULT2B1 using real-time PCR

For the analysis of gene expression, 1mg (epithelial stripes) or
2·5mg (HT29 cells) of total RNA (RIN: epithelial stripes,
7–10; HT29, 9–10) were converted into first-strand cDNA
using SuperScript II (Invitrogen GmbH) and an oligo(dT)12 – 18

primer. Real-time quantitative PCR (qPCR) was carried out
using specific primer pairs and qPCR Eva Green Master
(Jena Bioscience, Jena, Germany). All reactions were
performed in duplicate. The PCR reaction profile included
an initial denaturation of 2 min at 958C, followed by forty
cycles of denaturation (15 s at 958C), annealing and extension
(30 s at 608C). Cumulative fluorescence was measured at the
end of the extension of each cycle. Product-specific amplifica-
tion was confirmed by melting curve analysis. The following
gene-specific primer sequences were used for the quantifi-
cation: CAT (forward 50-TGGACAAGTACAATGCTGAG-30

and reverse 50-TTACACGG ATGAACGCTAA G-30);
GAPDH (forward 50-ACCCACTCCTCCACCTTTGAC-30

and reverse 50-TCCACCACCCTGTTGCTGTAG-30); GSTP1
(forward 50-CTGCGCATGCTGCTGGCAGAT C-30 and
reverse 50-TTGGACTGGTACAGGGTGAGGTC-30); MAF2
(forward 50-AAATACGA GAAGTTGGTGAGCAG-30 and
reverse ACACTGGTAAGTACACGATGCTG-30); SULT2B1
(forward, 50-ACGACGACATCTTTAT-CATCAC-30 and
reverse, 50-CATGTAGATCACCTTGGC CT-30). All primers
were designed using the freely available PerlPrimer software
v1·1·17 (http://perlprimer.sourceforge.net). Gene expression of

target genes was calculated on the basis of the housekeeping
gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
according to Pfaffl et al.(27). Changes of expression were
determined as the fold change compared with the medium
control which was set to 1.

Preparation of cell lysates and measurement of enzyme
activities

Briefly, after harvesting and washing, cytosols of HT29 cells
were extracted by incubation in a lysis buffer containing
1 mM-EDTA, 0·1 % Triton X-100, 50 mM-potassium phos-
phate buffer (pH 6·5) and 1 mM-pefabloc (Roth, Karlsruhe,
Germany) for 10 min on ice. Epithelial stripes were thawed
and homogenised before cytosol extraction in the presence
of the lysis buffer using a Polytron PT-DA 2107/2EC
Homogenizer (Fisher Scientific GmbH, Nidderau, Germany).
Cells were subsequently incubated for 10 min on ice. After
centrifugation (10 000 g; 10 min; 48C), the supernatant frac-
tions were sampled and subsequently used for enzyme activity
measurements. CAT activity was calculated according to Aebi
et al. using H2O2 as substrate(28). The decrease of H2O2 was
photometrically measured at 240 nm and 228C. Total GST
activity was determined photometrically as described in
Habig et al.(29) using 1-chloro-2,4-dinitrobenzene (CDNB)
as substrate. The increase of the S-2,4-dinitrophenylglu-
tathione, the product of conjugated CDNB, was measured at
340 nm and 308C using a photometer. Results were calculated
on the basis of 1 £ 106 cells for HT29 cells and expressed as
fold change compared with the medium control which was set
to 1. Opposed to this, enzyme activities of epithelial stripes
were calculated on the basis of 1mg protein because tissue
stripes were incubated and thus the determination of cell
number was not possible. Afterwards, the results were
expressed as fold change compared with the medium control
which was set to 1. Total protein content was measured
using the method of Bradford with bovine serum albumin as
the standard protein(30).

Detection of anti-genotoxicity

DNA damage was measured with the single cell micro gel
electrophoresis (comet assay) after challenging the fs of
aleurone pre-incubated cells with 75mM-H2O2 for 15 min at
378C as has been described elsewhere(31). Comet images,
revealing the amount of damaged DNA (intensity of fluor-
escence in the comet tail; % tail intensity)(32), were quantified
using the image analysis system of Perceptive Instruments
(Halstead, Essex, UK). For each concentration, means of
sixty cells were the basis for calculating the effects in one
experiment.

Statistical evaluation

Mean values and standard deviations were calculated from at
least three independent experiments (HT29 cells) and five or
six donors (colon epithelial stripes), respectively. Differences
were calculated by one- or two-way ANOVA, including the
Bonferroni post test with selected pairs, or by Student’s t test
using GraphPad Prism (version 5.02 for Windows; GraphPad
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Software, San Diego, CA, USA). The statistical analyses
used depended on the respective experimental design and
are specified in the legends to the figures and table footnotes.

Results

Effects of fermented aleurone on mRNA expression in
HT29 cells

To analyse the effects of the fs of European aleurone on the
expression of a broad range of genes a custom array was
used. The results indicated that the expression of ten genes
was significantly (P,0·05; t test) up-regulated on the basis
of the evaluation criteria (#0·6, $1·5) after treatment with
10 % fs of European aleurone for 24 h. No gene was signifi-
cantly down-regulated. The regulated genes are involved in
phase II and phase III metabolism as well as stress response
and signal transduction and cell-cycle regulation. Of the
significantly modulated genes (Fig. 1), three, namely CAT,
MAF2 and SULT2B1, which were of special interest for
primary prevention, were verified by real-time PCR.

In addition, the mRNA expression of GSTP1, which was
induced 1·4 (SD 0·3) fold in comparison with the medium
control, was measured. Although its induction was not signi-
ficant, GSTP1 was of special interest because it is the main
GST isoform in the colon. The fs of the blank showed no
modulation of mRNA expression (data not shown).

Confirmatory experiments using real-time quantitative
PCR in HT29 cells

The induction of the selected genes (CAT, GSTP1, MAF2 and
SULT2B1) after the incubation with 10 % fs of aleurone
(European and American) was evaluated by real-time qPCR.
The directional changes in mRNA expression levels in response
to the fs of European aleurone after 24 h were confirmed except
for MAF2 for which no functional primer pair could be estab-
lished. In addition, American aleurone, which was not investi-
gated in the custom array analysis, showed a comparable
modulation. The regulation by both fs of aleurone after 24 h
is displayed in Fig. 2. Thus, expression levels of all three
genes were significantly increased, with a fold change of over
1·5 in comparison with the medium control. Moreover, the
up-regulation of CAT and GSTP1 by both fs of aleurone was
significantly different from the faeces control (fs of blank;
sample without test substance). Interestingly, for SULT2B1
the expression was induced by the fs of the blank on a signifi-
cantly higher level than by the fs of aleurone.

Gene expression analysis of CAT and GSTP1 in colon
epithelial stripes with real-time quantitative PCR

To analyse if aleurone can also increase the expression of
genes involved in primary chemoprevention in healthy colon
cells and thus prevent the initiation of cancer, we used colon
epithelial stripes isolated from human colon surgeries. The
mRNA expression of selected genes involved in pathways of
antioxidative defence (CAT) and detoxification of carcinogens
(GSTP1) was investigated using real-time qPCR.

In comparison with HT29 cells, in epithelial stripes only the
mRNA expression of GSTP1 was significantly induced by the fs
of aleurone (10 %, 1·6 (SD 0·3) fold; 20 %, 1·8 (SD 0·5) fold)
(Fig. 3) whereupon the up-regulation by 10 % fs of aleurone
was more effective than the respective fs of the blank.

15

**†

** **

10

Fo
ld

 c
h

an
g

e
n

o
rm

al
is

ed
 t

o
 G

A
PD

H

5

0
GSTP1CATMAF2 SULT2B1

Fig. 1. Gene expression analysis using customised cDNA array in HT29 cells

after treatment with 10 % of the fermentation supernatant fraction (fs) of Euro-

pean aleurone for 24 h. GAPDH, glyceraldehyde 3-phosphate dehydrogenase;

MAF2, transcription factor MAF (proto-oncogene C-MAF); SULT2B1, sulfo-

transferase family cytosolic 2B member 1; CAT, catalase; GSTP1, glutathione

S-transferase pi 1. Data are expressed as box and whisker plots (median

values and variations; n 3). Mean value was significantly different from that of

the medium control (set to 1; - - -): ** P,0·05 (Student’s t test). Mean value

was different from that of the fs of the blank (data not shown): † P,0·10 (trend;

Student’s t test).

(a)

3

(c)(b)

2

**††

**††

**††

**††
**†† *††

Fo
ld

 c
h

an
g

e
n

o
rm

al
is

ed
 t

o
 G

A
PD

H

Fo
ld

 c
h

an
g

e
n

o
rm

al
is

ed
 t

o
 G

A
PD

H

Fo
ld

 c
h

an
g

e
n

o
rm

al
is

ed
 t

o
 G

A
PD

H

1

0

3

2

1

0

3
**

2

1

0
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Moreover, the fs of the blank altered the mRNA expression at
a concentration of 20 % (1·5 (SD 0·2) fold). For CAT no modu-
lation of the mRNA expression level was seen (data not shown).

Quantification of total glutathione S-transferase activity

To verify whether the observed changes in gene expression
would have an effect on the functional level, GST activity, a
marker of cancer chemoprevention, was measured in HT29
and human colon epithelial stripes. Therefore, HT29 cells
were incubated with 10 % fs of aleurone (European and Amer-
ican), the corresponding synthetic SCFA mixture and butyrate
for 24, 48 and 72 h while the epithelial stripes were incubated
with 10 and 20 % of the fs of aleurone (European) for 10 h.
In HT29 cells the GST activity was significantly enhanced
by fermented American aleurone after an incubation time of
48 h whereas a non-significant trend for the induction by
European aleurone was observed (P¼0·08; t test). The
longer incubation time (72 h) with the fs of European and
American aleurone did not result in higher levels of GST
activity (data not shown) so that only effects after 48 h are
illustrated in Table 1 (relative GST activity column). Only
the fs of American aleurone differed from the fs of the
blank, after 48 h by trend (P,0·07) and after 72 h on a signifi-
cant level even though no differences in induction of enzyme
activity were seen for both varieties. Enzyme activity was not
affected by the fs of the blank in comparison with the medium
control. The synthetic mixture (SCFA) of the complex fs of
American aleurone and butyrate also induced GST activity
after 48 h in HT29 cells in a comparable manner, but on a
significantly lower level than the fs.

In epithelial stripes GST enzyme activity was significantly
increased by both 10 % fs of the blank and fs of aleurone on
a low level (Fig. 4). Furthermore, the fs of the blank and fs
of aleurone showed a comparable activity.

Quantification of catalase activity

As a further marker for cancer prevention, CAT activity was
determined in HT29 and epithelial stripes using the different

test substances. The quantification revealed that CAT activity
was induced in HT29 cells in response to the incubation with
the fs of the blank, fs of aleurone as well as the corresponding
synthetic mixtures and butyrate. Already, after 24 h the fs of
European aleurone significantly modulated CAT activity in
comparison with the medium control. This effect became
more pronounced over time, so that after 72 h the enzyme
activity was 2·7 (SD 0·68) fold increased. The inducing
effect could also be seen for American aleurone which
became significant after the incubation for 48 and 72 h,
being strongest after 72 h (3·3 (SD 1·76) fold). Since the effects
were strongest after incubation for 72 h, data are only illus-
trated for this time point in Table 1 (relative CAT activity
column). Differences from the fs of the blank were significant
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Fig. 3. Gene expression analysis of glutathione S-transferase pi 1 (GSTP1) using real-time quantitative PCR in human colon epithelial stripes after incubation with

10 and 20 % of the fermentation supernatant fraction (fs) of the faeces control (blank) (a) and the European aleurone (b) for 10 h. Results are normalised based on

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), calculated compared with the medium control (set to 1; - - -) and expressed as fold change. Shown are the

means of five donors (—) and the variability of response of each donor. The same symbols represent the response in one donor. Mean value was significantly differ-

ent from that of the medium control: ** P,0·05 (Student’s t test). Mean value was significantly different from that of the fs of the blank: †† P,0·05 (Student’s t test).

Table 1. Glutathione S-transferase (GST) activity after 48 h and
catalase (CAT) activity after 72 h treatment of HT29 cells with the
fermentation supernatant fractions (fs) and their identical synthetic
SCFA mixtures and butyrate§

(Mean values and standard deviations; n 4)

Relative GST
activity

(fold change)

Relative CAT
activity

(fold change)

Mean SD Mean SD

fs of blank 1·3 0·6 1·4 0·7
SCFA 1·1 0·2 1·0 0·1
Butyrate 1·2 0·2 1·0 0·2

fs of European aleurone 2·2* 1·0 2·6**†† 0·6
SCFA 1·1 0·3 1·5**‡‡ 0·3
Butyrate 1·2 0·2 1·3 0·3

fs of American aleurone 2·2**† 0·5 3·7**† 1·7
SCFA 1·3**‡‡ 0·1 1·4**‡ 0·1
Butyrate 1·5**‡ 0·3 1·5**‡ 0·3

Mean value was different from that of the medium control (set to 1): *P,0·10
(trend), ** P,0·05 (Student’s t test).

Mean value was different from that of the fs of the blank: †P,0·10 (trend),
††P,0·05 (Student’s t test).

Mean value was different from that of the respective fs: ‡P,0·10 (trend),
‡‡P,0·05 (Student’s t test).

§ Results are calculated compared with the medium control and expressed as fold
change.
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for the fs of European aleurone and showed a trend for the fs
of American aleurone only after 72 h. Enzyme activity was not
affected by the fs of the blank in comparison with the medium
control after 72 h. Particularly after 72 h, the corresponding
synthetic mixtures (SCFA) of fermented aleurone (European
and American) induced CAT activity even though at a lower
level than the fs. Moreover, butyrate alone also enhanced
enzyme activity and did not vary from the synthetic SCFA
mixture. In epithelial stripes CAT enzyme activity was signifi-
cantly increased by 10 % fs of aleurone (1·4 (SD 0·4) fold)
after 10 h even though the effect was not significantly different
from the fs of the blank, which also stimulated enzyme
activity on a significant level (Fig. 5).

Anti-genotoxicity

To analyse whether treatment with fermented aleurone caused
an improved protection against oxidative stress, HT29 cells
were pre-incubated for 24 and 48 h with the test compounds
and afterwards they were challenged with H2O2. No cytotoxic

impact of either substance was detected at the applied
concentration and time. Treatment with the fermented aleurone
(European and American) resulted in significantly reduced
levels of H2O2-induced DNA damage after 48 h (Fig. 6).
However, DNA damage was also reduced at a comparable
level by the fs of the blank. After 24 h pre-incubation
DNA damage was not affected by the fs of European and
American aleurone. No DNA damage was detected in
medium-incubated control cells or cells incubated with the
fs of aleurone (European and American) and the fs of the
blank, demonstrating that these samples had no genotoxic
effects (data not shown).

Discussion

It has been proposed that dietary habits and lifestyle strongly
affect the development of colorectal cancer(33). However, it is
still a matter of debate whether dietary fibre actually plays an
important role in colon cancer prevention(34 – 36).
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The involvement of complex fs and their contained
fermentation products, especially of butyrate, on markers of
primary prevention was until today rarely the subject of
in vitro studies. The custom array results of the present study
showed a significant induction of genes involved in the mechan-
isms of detoxification of xenobiotics and drugs(37,38), for
example, GSTP1 and SULT2B1, and their regulatory pathways,
for example, MAF2, as well as in the stress response, for
example, CAT by fermented European aleurone where CAT
was the most strongly affected gene (5·19 (SD 4·07) fold).
Thus, a better protection of cells from DNA damage, risk
of mutations and, possibly, promotion and progression of
carcinogenesis can be suggested(39). Although, the induction
of GSTP1 mRNA expression, the major GST in the human
colon epithelium(40), was only visible as a trend, we detected
a clear induction by real-time qPCR investigations.

Phase II enzymes are regulated by the transcription factor
Nrf2. In response to oxidative stress, Nrf2 dissociates from
its cytosolic inhibitor Keap1, translocates to the nucleus,
forms a heterodimer with other bZIP transcription factors
such as MAF2 (c-maf)(41) and binds to the antioxidative
response elements (ARE) in the promoters of target genes.
This leads to the activation of the transcription of several
defence genes such as GSTP1 and CAT (42,43). We measured
an enhanced expression of MAF2 of about 4·73 (SD 1·84)
fold after an incubation with 10 % fs of European aleurone
which may cause the higher expression of GSTP1 and
CAT (26,44). However, much more in-depth studies are necess-
ary to elucidate the underlying mechanisms in the regulation
of GSTP1 and CAT mRNA expression by fermented aleurone.

The custom array results were confirmed using real-time
qPCR in HT29 cells. The expressions of CAT, GSTP1 and
SULT2B1 were significantly increased ($1·5 fold) by the fs
of the European and American aleurone in a comparable
manner, whereas the faeces control had no effect on the
mRNA expression of CAT and GSTP1.

To analyse whether the fermentation samples can also
protect healthy colon cells from carcinogens, we used
human colon epithelial stripes. Here we found an induction
of CAT mRNA expression by 20 % fs of aleurone (1·5
(SD 0·6) fold). Studies of Sauer et al.(15), who showed an

induced mRNA expression of CAT (1·6 (SD 0·6) fold)
by 10 mM-butyrate, support this finding. However, the
concentration of butyrate was about 5-fold lower in the fs
and thus synergistic effects of butyrate with other unknown
fermentation metabolites may increase the efficacy of the fs.
It has to be kept in mind that epithelial stripes are isolated
from human colon surgeries and therefore cells from different
donors may react differently. This is supported by our findings
showing that the CAT mRNA was expressed with a high inter-
individual variability in human colon epithelial stripes, which
points to large differences in cellular susceptibility to xeno-
biotics between the donors. In addition, an induction of the
GSTP1 mRNA expression by the fs (10 and 20 %), but also
by the fs of the blank, was observed in the epithelial stripes,
pointing to yet unidentified factors in the faecal matrix that
may be responsible(45). A study of Treptow-van Lishaut et al.
also demonstrated an enhanced GSTP1 mRNA expression in
the colon of rats after feeding a diet rich in resistant
starch(46). Pool-Zobel et al.(47) showed an induction of several
GST after butyrate treatment of human colon epithelial stripes,
premalignant human LT97 adenoma and malignant human
HT29 cancer cells. In this context, it was discussed that on
one hand, an induction of GST is favourable since it results
in an enhanced detoxification of risk factors in primary
cells. On the other hand, in tumour cells the induction could
increase resistance to chemotherapeutic agents. However, it
may be speculated that the high concentration of butyrate
(10–20 mM) in vivo could impair tumour cell growth before
GST induction can occur(47). Nevertheless, the HT29 cell
line has often been applied to investigate cancer-preventive
effects of food constituents as a well-established cell
model for human colon cells(20,23,48 – 50) owing to the lack of
manageable culture methods for primary cells.

Both the fs of European and American aleurone showed a
significant induction of SULT2B1 mRNA expression
(European, 1·6 (SD 0·2) fold; American, 1·5 (SD 0·3) fold).
This effect was, however, also observed for the fs of the
blank (2·5 (SD 0·1) fold). Saini et al. reported that cytosolic
SULT-mediated sulfation plays an essential role in the
detoxification of bile acids(51). Thus, higher concentrations of
toxic bile acids in the fs of the blank (cholic acid (CA),(20)

0·35 mM; deoxycholic acid (DCA), 46·65 mM) than in the fs of
aleurone (European: CA, 0·20 mM, DCA, 5·04 mM; American:
CA, 0·23 mM, DCA, 5·93 mM) could possibly explain the
slightly higher induction of SULT2B1 expression by the fs of
the blank. We were not able to examine mRNA expression of
SULT2B1 in epithelial stripes because of the small size and
the limited availability of the colon surgery samples.

Measurements of enzyme activities as a possible conse-
quence of increased mRNA expression showed an enhanced
CAT and GST activity by 10 % fs of aleurone (European
and American) after 48 and 72 h, respectively, in HT29
cells. Our investigations allow comparison of enzyme activity
induction caused by the complex fs, synthetic SCFA mixture
as well as butyrate alone in HT29 cells. Only the SCFA
mixture and butyrate of the fs American aleurone, but not of
European aleurone, were capable of inducing GST activity
but on a lower level than the complex fs. An induction of
GST activity by 4 mM-butyrate has been previously demon-
strated in human colon cancer cells(49,52). In another study
the induced GST activity by complex fs of arabinoxylans
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could be mainly attributed to the butyrate content(5). Since the
SCFA mixture and butyrate showed comparable effects, buty-
rate seems to be mainly responsible for the effects observed in
the present study. However, the results indicate that inter-
actions with other metabolites in the fs are obviously import-
ant. The so-called ‘added value’ of secondary plant
compounds such as antioxidant and anti-mutagenic phenolic
acids(53) in wheat aleurone could be the reason for the
higher enzyme activity measured by the complex fs compared
with the single fermentation product butyrate. The lack of
induction of GST activity by the SCFA mixture and butyrate
of the fs of European aleurone could be due to a lower
butyrate concentration than in the fs of American aleurone
(European, 2·0 mM; American, 2·4 mM).

In human epithelial stripes the GST activity was signifi-
cantly increased on a low level by the fs of aleurone, but
also by the fs of the blank. Possibly a 10 h incubation was
too short to detect unambiguous changes in protein expression
levels. Therefore, an increase of the survival time of human
epithelial stripes in culture, a major limitation of this interest-
ing model of healthy colon cells, may be necessary to analyse
effects on enzyme activities in detail. Efforts to improve
models of healthy colon cells are therefore important to
analyse effects of nutritional factors on markers of chemopre-
vention and a major focus of research of our and other groups.
In addition, inhibitory substances in the faecal matrix could
exist and influence GST activity, as was suggested by
Beyer-Sehlmeyer et al.(6).

To date, no data are available whether complex fs affect
CAT activity in vitro and in vivo. Furthermore, only relatively
few data exist which describe an effect by butyrate treatment
on CAT activity. Sauer et al. showed the induction of CAT
activity by butyrate treatment (10 mM) in primary human
colon cells(15). In addition, studies of Yano & Tierney demon-
strated a butyrate-induced increase in CAT activity in artery
smooth muscle cells(54). Our investigation demonstrates for
the first time that the induction of CAT is caused by fs of
aleurone in HT29 cells. The corresponding SCFA mixture
and butyrate also increased the enzyme activity, but on a
lower level than the complex fs which indicates that various
compounds, in particular phenolic acids(55), of the fs rather
than a single component such as butyrate possibly contribute
to the effects in vitro.

Furthermore, in human epithelial stripes an enhanced CAT
enzyme activity by the fs of aleurone (10 %, but not 20 %) sig-
nificantly different from the fs of the blank was also observed.
The fact that mRNA levels of CAT are not modulated by the fs
of aleurone possibly indicates that CAT activity can be the
result of post-transcriptional modifications. The same was
reported in investigations using primary colon cells by Sauer
et al. who demonstrated an enhanced CAT activity after 2 h
which was less apparent after 4 and 8 h while gene expression
was increased after 12 h of butyrate treatment (10 mM)(15).
The fs of the blank (10 %) also altered CAT enzyme activity
(1·4 (SD 0·4) fold) when compared with the medium control,
again possibly explicable by unidentified bacterial pro-
ducts(45). In addition, different susceptibilities of the donors
again play a decisive role. While in some of the donors
mRNA expression and/or enzyme activity (mainly donors 1,
2 and 4) was increased, in other donors no effects on these
two parameters were observed.

The present study reports, as a further functional effect
of the complex fermentation samples, that all fs and the fs
of the blank prevent the formation of oxidative DNA
damage induced by H2O2 in vitro. In view of the fact that
fermented aleurone had no additional effect compared with
the faeces control, other so far unidentified metabolites result-
ing from the faecal inoculum might be responsible for the
anti-genotoxic effect. Other studies that have compared the
anti-genotoxic efficacy of fermentation samples also detected
effects of the fs of the blank(5). The mechanism by which
the fermented samples reduce H2O2-induced DNA damage
in colon cells is still not clear. In the present study the reduced
DNA damage could be possibly caused by the increased
mRNA expression and enzyme activity of CAT and GST
even though these parameters were not influenced by the
faeces control. However, this anti-genotoxicity possibly
arises from direct antioxidative activities and/or modification
of DNA repair mechanisms(11,56).

In conclusion, the present study demonstrates that
fermentation products of wheat aleurone can increase
mRNA expression of genes involved in detoxifying processes.
This induction resulted in an enhanced activity of selected
enzymes, namely GST and CAT. These enzymes play an
important role in the protection against oxidative DNA
damage. However, if HT29 cells are regarded as a model
for colon cells in general, our investigations highlighted
mechanisms which support an enhanced potential of detoxi-
fication of cancer risk factors that may influence the initiation
and promotion of cancer. More importantly, we showed
evidence that protection can also be increased in normal
colon epithelial stripes from human surgeries which
emphasises a possible role of wheat aleurone in cancer
prevention. Since wheat aleurone showed similar biological
effects in both human colon cells we may assume that the
same underlying mechanisms probably prevail.

Hence, the modulation of markers of primary chemo-
prevention indicates that wheat aleurone may possibly have
a cancer-preventive potential. Nevertheless, further studies
using isolated human primary cells as well as animal studies
and/or human intervention trials are required to define a role
in primary cancer prevention by fermentation products of
wheat aleurone under in vivo conditions.
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