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Gut Fermentation Products of Inulin-type Fructans
Modulate the Expression of Xenobiotic-metabolising
Enzymes in Human Colonic Tumour Cells
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Abstract. Epidemiological studies suggest that nutrition plays
an important role in colonic cancer prevention. A possible
mechanism of this prevention may be the modulation of
carcinogen metabolism and scavenging of reactive
intermediates. In particular, dietary fibres are discussed as
potentially protective food ingredients. Therefore, the aim of
this study was to analyse if the expression of genes related to
biotransformation is modulated by fermentation samples of
dietary fibres. HT29 (human colonic carcinoma) and LT97
(human adenoma) cells were incubated with fermentation
supernatant (SFS), produced by in vitro fermentation of inulin
enriched with oligofructose. Possible mechanisms of detoxification were investigated by analysing the expression of
catalase and glutathione-S-transferase (GST) A4 mRNA and
the enzyme activity of catalase and GST. In addition, protection
of both cell lines against DNA damage, induced by H2O2 or 4hydroxynonenal (HNE), was analysed using the comet assay.
Incubation with SFS resulted in significantly increased GSTA4
mRNA expression, significantly enhanced catalase activity and
a significant reduction in the amount of H2O2-induced DNA
damage in HT29 cells. Our results show that complex
fermentation samples of inulin-type fructans favourably
modulate expression of genes related to biotransformation in
carcinoma cells, which in turn supports the important role of
dietary fibres in primary chemoprevention.
There is increasing evidence that human cancer can be
prevented not only by avoiding exposure to carcinogens but
also by favouring the intake of protective factors that can
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modulate defence mechanisms of the host organism. This
preventive strategy, referred to as chemoprevention, can be
pursued either by means of pharmacological agents or by
dietary factors (1). One of the cancer forms that could be
successfully prevented, especially by dietary ingredients, is
colorectal cancer (CRC), because there is evidence for an
inverse association of CRC with a high intake of dietary
fibres (2, 3). One hypothesis explaining this inverseassociation states that dietary fibres are fermented by gut
flora to yield short-chain fatty acids (SCFA) which induce
glutathione-S-transferases (GSTs), and protect the cells from
the genotoxic activity of compounds such as 4hydroxynonenal (HNE) and hydrogen peroxide (H2O2) (4).
An imbalance caused by overproduction of oxidants leads
to oxidative stress, resulting in damage to large biomolecules
such as lipids, DNA and proteins (5), which in turn increases
the risk of degenerative diseases such as cancer. Free radicals
such as H2O2, organo-peroxides, superoxide anions (O2–)
and hydroxyl radicals (OH•) are generated in biological
systems, not only by extrinsic factors, for example, ionising
radiation, but also by intrinsic factors such as by-products,
emerging during oxygen metabolism or cellular redox
reactions (6). According to generally-accepted mechanisms,
major deleterious effects are caused by OH radicals
generated from H2O2 and by O2– in the presence of redox
active transition metals (7). A favourable balance of
biotransformation enzymes, including a lower level of
various phase I enzymes, e.g. cytochrome P450
monooxygenases, and reinforced activity of phase II
enzymes, such as glutathione-S-transferases (GSTs) or UDPglucronosyl transferases, might protect target cells from
mutations (8). According to Wattenberg, this mechanism of
action has been defined as “blocking agent activity” (9).
Since Burkitt’s pioneering research that pointed to an
inverse relationship between colonic cancer risk and
consumption of fibre-rich foods, many studies have tested this
hypothesis (10, 11). It has been proposed that amongst other
possible mechanisms, dietary fibres protect against colon
cancer by stimulating the growth of Bifidobacterium spp. and

5379

ANTICANCER RESEARCH 32: 5379-5386 (2012)
lactobacilli which may reduce the survival of pathogens by
enhancing competition for nutrients and production of SCFA
(12, 13). Butyrate, a major SCFA, is considered to be
beneficial due to its trophic effects as an essential nutrient for
the colonic epithelium (14). Previous studies have also shown
that pre-incubation of colonic cells with butyrate significantly
reduced the genotoxic effects of H2O2 (15).
Among various dietary fibres, inulin and oligofructose
have been subjected to extensive research (2, 16). Inulintype fructans are the natural constituents of a wide range of
common vegetables and fruits, such as onion and garlic (17).
Structurally, inulin-type fructans are polydisperse
carbohydrates consisting mainly of β-(2-1)-fructosyl-fructose
links (16). This linkage cannot be hydrolysed by pancreatic
or brush-border digestive enzymes. Therefore these nondigestible dietary fibres reach the colon where they are
fermented by Bifidobacterium spp. and other lactic acidproducing bacteria (16). Fermentation products of inulin-type
fructans, mainly SCFA, have been found to alter the
expression of genes related to drug metabolism and stress
response (8, 18), but overall, little is known about the
response of tumour cells to genotoxic agents and the
modulation of this response through complex fermentation
samples. Therefore, we investigated a fermentation sample
of Synergy1® (inulin enriched with oligofructose) using
human adenoma and carcinoma cells representing early and
late stages of carcinogenesis. The analysed markers of
chemoprotection included modulation of mRNA expression
of catalase and GSTA4, which are phase II enzymes of
biotransformation and de-toxify many carcinogens in the
body (19, 20). In addition, the aim was to understand the
functional consequences of modulated gene expression by
analysing protective effects of SFS against H2O2- or HNEinduced DNA damage by the comet assay. H2O2 and HNE
were used as model substances and have high reactivity
towards large biomolecules such as DNA and lipids and are
substrates for various enzymes, including catalase and GSTs,
in the body (14, 21). Therefore, the inhibition of DNA
damage may reflect activities of SFS related to inhibition of
tumour initiation.

Materials and Methods
In vitro fermentation of Synergy1®. The carbohydrate source used
in the fermentation experiments was the fructan Synergy1®, a
commercially-available 1:1 mixture of inulin (22) enriched with
oligofructose (ORAFTI, Tienen, Belgium). The fermentation of this
inulin-type fructan mixture was conducted in vitro under anaerobic
conditions (80% N2, 10% CO2, 10% H2) at 37˚C in a batch-culture
system with faecal inocula from three different donors (23).
Fermentation was performed at 37˚C for 24 h, generating an
aqueous fermentation supernatant which was centrifuged at 6000 ×g
for 30 min and sterilized by filtration and stored at –80˚C until use.
A negative control containing only the faecal samples was prepared
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as fermentation blank. Based on the no-effect concentration in cell
proliferation assays and present knowledge of the physiological
detectable range (24), a 5% solution of fermentation supernatant
(SFS) and fermentation blank (FB) in DMEM was prepared
immediately before use.
Cell lines and culture conditions. Passages 20-30 of HT29
(obtained from American Tissue; Rockville, MD, USA) culture
collection and 25-35 of LT97 cells (obtained from Institute of
Cancer Research, University of Vienna, Austria), were used for the
experiments (25, 26). HT29 cells were maintained in (DMEM)
(Invitrogen, Darmstadt, Germany) supplemented with 10% (FCS)
whereas LT97 cells were maintained in MCDB 302 (Biochrom,
Berlin, Germany) containing 20% L15 Leibovitz medium, 2% FCS,
0.2 nM triiodo-L-thyronine, 1 μg/ml hydrocortisone, 10 μg/ml
insulin, 2 μg/ml transferrin, 5 nM sodium selenite, 30 ng/ml
epidermal growth factor (EGF) and 50 μg/ml gentamicin. The
medium was changed at regular intervals of 2-3 days and the cells
were cultivated in a humidified incubator (95% O2 and 5% CO2)
at 37˚C. At regular intervals, a mycoplasma test based on
quantifying the luminescence of ATP produced by conversion of
ADP to ATP catalysed by mycoplasma enzymes (MycoAlert™
Detection Kit) was performed and contamination with mycoplasma
was excluded.
Real-time qPCR analysis. mRNA expression of GSTA4 and
Catalase were determined by real-time qPCR by incubating HT29
and LT97 cells for 24 h with 5% of SFS and FB, respectively, in 6well plates. Total RNA was isolated from HT29 and LT97 cells
using the RNeasy Mini Kit (Qiagen, Hilden, Germany), according to
the manufacturer’s instructions, then dissolved in 30 μl RNase-free
water and stored at –80˚C. The integrity of the RNA was checked
using an Agilent Bioanalyser 2100 (Agilent Technologies,
Waldbronn, Germany). The RNA integrity number (RIN) values
ranged from 9-10 in all the samples. Purity and concentration of
RNA was additionally assessed photometrically using a Nanodrop®
ND-1000 instrument (Peqlab Biotechnology, Erlangen, Germany).
The expression of genes was analysed by real-time qPCR using an
iCycler IQ thermocycler (Biorad GmbH, München, Germany). Two
microgrammes of total RNA were subjected to reverse-transcription
(Superscript II, First strand cDNA Synthesis System; Invitrogen,
Karlsruhe, Germany) with oligo (dT) 12-18 primers, according to
the manufacturer’s instructions. The cDNA was diluted 1:50 and
used in 25 μl PCR amplification reaction containing 2×iQ SYBR
green super Mix (Bio-Rad Biotechnologies) (100 mM KCl, 40 mM
Tris HCl (pH 8.4), 0.4 mM each dNTP, 50 U/ml Taq DNA
polymerase, 6 mM MgCl2, SYBR Green I, 20 nM fluorescein,
stabilizers) and 10 pmol-gene specific primers for the target genes
and reference gene Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The following primer sequences were used to amplify a
region of CAT, GSTA4 and GAPDH mRNA: iCAT_F: 5’ TGG ACA
AGT ACA ATG CTG AG 3’, iCAT_R: 5’ TTA GGA TGA ACG
CTA AG 3’, iGSTA4_F: 5’CCG GAT GGA GTC CGT GAG ATG
G 3’, iGSTA4_R: 5’CCA TGG GCA CTT GTT GGA ACA GC 3’,
iGAPDH_F: 5’CCA CCC ATG GCA AAT TCC ATG GC 3’,
iGAPDH_R: 5’AGT GGA CTC CAC GAC GTA CTC AG 3’.
PCR cycles included 1 cycle at 95˚C for 2 min, followed by 40
cycles each at 95˚C for 30 s, 60˚C for 30 s and 72˚C for 40 s and a
final extension step of 72˚C for 10 min. Product-specific
amplification was confirmed by melting curve analysis. All
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experiments were performed in triplicates. The fluorescence
threshold value (CT) was calculated by the iCycler iQ optical
system software. The relative quantification of the target mRNA
expression was calculated with the comparative ΔΔCT (ΔΔCT=ΔCT
control-ΔCT experiment) method. For normalization, ΔCT values were
calculated by subtracting the average of the CT value for the
reference gene in the control from the average of the CT value for
the target gene and subtracting the average of the CT value of the
reference gene in the treated sample from that of the target gene.
The difference between the ΔCT values of the control and treatment
(ΔΔCT) was then calculated. The fold change was calculated
according to the efficiency method, where it is assumed that the
PCR efficiency is 100% (E=2; fold change =E difference) (27).
Determination of enzyme activity. GST activity: For the
determination of total GST activity, cytosols were prepared as
described elsewhere (28). In brief, the cell suspension was
homogenised for 1 min at approximately 40 W with ultrasound
(Bandelin Electronics, Berlin, Germany). The cytosols were
obtained by centrifugation (16000 ×g for 60 min and 4˚C). The GST
activity was measured photometrically at 340 nm using 1 mM 1chloro-2,4-dinitrobenzene (CDNB) and 1 mM glutathione as
substrates according to Habig et al. (29). The values are expressed
as nmol/106 cells since this was considered to be more accurate than
nmol/μg protein, because environmental factors can enhance general
protein content in parallel with induction of GSTs (30), thereby
falsifying the results.
Catalase activity: Catalase activity was assayed photometrically at
25˚C by following the extinction of H2O2 at 240 nm, as described
elsewhere (31). Assay mixtures contained 10 mM H2O2 and 100 μl
of cytosol in 50 mM potassium phosphate buffer at pH 7.0. Enzyme
activities were calculated using 0.0394 mM–1 cm–1, as absorption
coefficient of H2O2 at 240 nm.
Determination of DNA damage using the comet assay. To analyse
effects on DNA damage, the cells were seeded in 6-well plates
and were incubated with 5% of SFS and FB for 24 h at 37˚C after
reaching a confluency of 50-60%. The pre-treated cells were
washed with Phosphate Buffer Saline (PBS), trypsinised, and
subsequently incubated with 75 μM H2O2 (diluted in PBS) for 5
min at 4˚C or with 300 μM HNE for 30 min at 37˚C, respectively.
Cell viabilities were determined by CASY® cell counter (Roche
Innovatis AG, Mannheim, Germany), and the remaining cells
were mixed with low-melting agarose and distributed on frosted
microscopical slides followed by distribution of another layer of
agarose. Further steps were carried out as described elsewhere
(4). In short, the cells were lysed for 60 min at 4˚C and subjected
to alkaline conditions for 20 min then electrophoresis was carried
out at 25 V and 300 mA. Subsequently the slides were neutralised
with PBS and stained with SYBR Green (Sigma-Aldrich GmbH,
Steinheim, Germany). Tail intensities were quantified using an
image analysis system and the software Comet Assay IV of
Perceptive Instruments (Halstead, UK) evaluating 150 cells per
sample. Data are presented as the means±SD of three
independently reproduced experiments.
Statistical evaluation. Means and standard deviations were calculated
from at least three independently-reproduced experiments.
Differences were calculated by two-sided unpaired t-test.

Results
Effect of SFS incubation on mRNA expression of GSTA4 &
Catalase. LT97 and HT29 cells were incubated with 5% SFS
and FB to determine the effects on gene expression of GSTA4
and CAT using real-time qPCR. The effects on gene expression
are shown in Figure 1 A and B (LT97) and C and D (HT29),
respectively. In LT97 cells, the expression level of CAT was
increased (fold-change=1.33), whereas the expression of
GSTA4 decreased insignificantly (fold change=0.65), in
comparison to the medium control. In HT29 cells, the
expression of CAT was also increased without reaching
significance (fold-change=1.85). However, the expression of
GSTA4 was significantly enhanced after incubation of HT29
cells with SFS and FB (fold-change of 2.44 and 3.49,
respectively). Thus, the effects of fermentation products were
stronger for modulating GSTA4 expression, and the changes
were more distinct in HT29 carcinoma cells. Interestingly, the
FB also significantly increased GSTA4 gene expression in
HT29 cells when compared to SFS (unpaired t-test).
Effects on GST activity. One possible mechanism by which
SFS could reduce the genotoxic effects of carcinogens is an
enhancement of GST activity. Therefore the effect of 5% SFS
on GST enzyme activity was measured. The basal activity (in
medium control) of GSTs in LT97 cells was much lower than
that in HT29 cells. However, there was only a small trend
(p>0.05) for an increased GST activity resulting from
incubation of both cells lines for 24 h (Figure 2) with SFS.
Additionally, FB had no impact on GST activity.
Effects on catalase activity. Another possible mechanism by
which SFS might reduce genotoxicity could be an
enhancement of catalase activity. Compared to medium
control and FB, SFS treatment resulted in a significant twofold induction of catalase activity (p<0.05) in HT29 cells
(Figure 3). Although there was a trend (p>0.05) for an
increased catalase activity in LT97 cells, this effect was not
significant. The incubation with FB control, however, had no
effect at all in either of the cell lines.
Protection against carcinogen-induced DNA damage. We
determined the anti-genotoxic effects by pre-treating the cells
with 5% SFS for 24 h and subsequently challenging with two
genotoxic agents, namely H2O2 and HNE (substrates for
catalase and GSTA4 enzymes). Cells pre-incubated with
medium were used as untreated controls. Figures 4 and 5 show
that both HNE and H2O2 were clearly genotoxic without any
indication of concomitant cytotoxicity (cell viability
determined by CASY cell counter was always >80%).
Pre-incubation of cells with 5% SFS resulted in a
substantially reduced level of H2O2-induced DNA strandbreaks (tail intensity of 36% in medium control and 27% in
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Figure 1. Expression of (GSTA4) (A, C) and (CAT) (B, D) genes in LT97 (A, B) and HT29 (C, D) after incubation with Synergy fermentation
supernatant (SFS) and fermentation blank (FB) analysed with real-time qPCR. The means and SD of three independently-reproduced experiments
are shown. Statistical variation was calculated by t-tests. *p<0.05, **p<0.01, ***p<0.001.

Figure 2. GST activity/106 cells for LT97 (A) and HT29 (B) cells after incubation with Synergy fermentation supernatant (SFS) and fermentation
blank (FB) for 24 h. The means and SD of three independently-reproduced experiments are shown. Statistical variation was calculated by t-test.

FS-treated cells) in HT29 cells when compared to medium
control and FB control, whereas this effect was not
significant in LT97 cells (Figure 4). In contrast to the results
with H2O2, incubation with 5% SFS was unable to modulate
the genotoxic effects of HNE (Figure 5).

Discussion
The progression of CRC is a complex multistep process
involving specific molecular genetic alterations in tumour
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suppressor genes, proto-oncogenes, and genes encoding
proteins for DNA repair (32). The colon is especially
susceptible to dietary oxidants and antioxidants that can be
liberated after fermentation by the gut flora (33). It has been
shown that gut flora-mediated fermentation of dietary fibres
can protect colonic cells from genotoxic insults by elevating
phase II de-toxification (blocking agent activity) (18). These
‘blocking activities’ lead to reduced exposure to genotoxic
risk factors, either by inhibiting the formation of harmful
compounds by scavenging reactive intermediates, or by
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Figure 3. Catalase activity of LT97 (A) and HT29 (B) cells after incubation with Synergy fermentation supernatant (SFS) and fermentation blank (FB)
for 24 h. The means and SD of three independently reproduced experiments are shown. Statistical variation was calculated by t-tests *p<0.05.

Figure 4. H2O2-induced DNA damage (75 μM H2O2) after pre-treatment of LT97 (A) and HT29 cells (B) with Synergy fermentation supernatant
(SFS) and fermentation blank (FB) for 24 h. The means and SD of three independently-reproduced experiments are shown. Statistical variation was
calculated by t-tests *p<0.05.

Figure 5. HNE-induced DNA damage (300 μM HNE) after pretreatment of LT97 (A) and HT29 cells (B) with Synergy fermentation supernatant
(SFS) and fermentation blank (FB) for 24 h. The means and SD of three independently-reproduced experiments are shown. Statistical variation was
calculated by t-tests.
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modulating the balance of metabolising systems in cells in
favour of de-activation of carcinogens. Studies on inulin-type
fructans, pre-biotic dietary fibres have shown a consistent
protective role of fibre consumption in reduced risk of
colorectal cancer (34, 35). Both colonic adenoma and
carcinoma cells were investigated in this study since there
was a need to understand how cell models from these two
different stages (pre-malignant adenoma cells and malignant
tumour cells) would respond to gut lumen-specific
environmental factors.
In the present study, modulation of mRNA expression of
CAT and GSTA4 by SFS was thought to be an important
mechanism leading to chemoresistance of cells. It has been
shown that treatment with the SCFA butyrate resulted in an
up-regulation of GSTA4 in both HT29 and LT97 cells (8).
According to available databases, the product of this gene not
only inactivates endogenous aldehydes, quinones, epoxides
and hydroperoxides, formed as secondary metabolites, during
oxidative stress, but also protects from food contaminants,
such as polycyclic aromatic hydrocarbons (36). In the present
study a significant increase in GSTA4 mRNA expression in
HT29 cells after incubation with SFS was observed. Possible
mechanisms by which products of fermentation, mainly
butyrate, may influence gene expression in human colon
tumour cells, are by activation of the mitogen-activated
protein kinase signalling transduction pathway and by
modifying the acetylation of histones at the N-terminal lysinerich tails (8). Additionally, there was a significant induction of
GSTA4 mRNA after pre-treatment of cells with FB, which is
in line with previous studies (18). Since SFS and FB differ in
their composition, e.g. in SCFA and bile acids (24), it is
possible that different mechanisms are responsible for GSTA4
mRNA up-regulation by the two samples. Moreover, the
involvement of the products of bacterial metabolism of nondigested food residues and excretable metabolites which may
have their origin in faecal samples needs to be investigated in
detail, which in turn could lead to a better understanding of
the underlying mechanisms.
Next, the modulation of GSTs and catalase was studied
after incubation with SFS at the enzymatic level. The analysis
of GST and catalase activity was of particular interest because
it is likely that an induced expression of these enzymes will
result in protection of cells from genotoxic insults (1).
However, we found no change in GST activity after 24 h of
treatment in either cell line. These results are in line with
some previous in vitro studies in carcinoma and adenoma cell
lines, which in turn were explained by very low butyrate
concentrations in the fermentation supernatants (1.3 mM and
0.3 mM in SFS and FB) measured by HPLC (24), or by the
presence of other inhibitory substances in the faeces (37).
Moreover, the induction of GSTA isoforms which have only
a moderate affinity for 1-chloro-2,4-dinitrobenzene (39), and
which are not abundant in colonic cells, would probably not
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be detected by the GST activity measurement. In addition to
GSTs, catalase is another a phase II enzyme which represents
a key defence against oxidative stress because it detoxifies
H2O2 to oxygen and water (19). A previous study showed a
significant increase in the mRNA expression of the CAT gene
(2.9-fold) and a 65% increase in catalase enzymatic activity
after incubation of human primary colonic cells with 10 mM
butyrate for 2 h (14). In the present study, a significant twofold increase in catalase enzyme activity after incubation of
carcinoma cells with SFS for 24 h was observed. This
significant up-regulation of activity suggests that it may not
be regulated on the transcriptional level but by some other, as
yet unknown, post-translational mechanisms.
Furthermore, we investigated possible anti-genotoxic effects
of SFS against H2O2 and HNE to determine for functional
consequences of cell-treatment. H2O2 was used as a model
substance for free radical intermediates of oxidative stress,
whereas HNE is an important lipid peroxidation product (21).
Pre-treating HT29 cells with SFS for 24 h resulted in a
significant decrease in DNA damage, induced by subsequent
H2O2 challenge. This could be a reflection of enhanced cellular
metabolism, including stimulation of DNA repair and
antioxidant defence sytems e.g. up-regulation of catalase which
in turn is responsible for decomposing H2O2 (12). Although a
significant increase in the mRNA expression of GSTA4 was
observed, this was not be confirmed for the parameter of
prevention of HNE- induced genotoxicity. This may be either
due to post transcriptional modification of the gene responsible
for detoxification of HNE or because a greater amount of
SCFA, especially butyrate, and/or a longer incubation time may
be required to induce this functional effect.

Conclusion
The results of the present study suggest that fermentation
products of prebiotic dietary fibres increase the gene
expression of GSTA4 and inhibit the oxidative stress induced
by H2O2 in carcinoma cells under experimental conditions.
This could be linked to butyrate, the main fermentation
product of dietary fibres. Because our approach is based on
an in vitro model system, human intervention studies are
necessary to more precisely determine the relevance of these
findings for the in vivo situation.
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