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Abstract
The chemopreventive effects of β-glucan-rich cereals such as oat and barley (beta®barley) have been examined previously, but 
studies comparing fermentation characteristics and chemopreventive effects of oat and barley of different processing stages 
are rare. Therefore, the present study aims at investigating the fermentation end points (pH values, concentrations of short-
chain fatty acids (SCFA) and ammonia) in fermentation supernatants (FS) obtained from differently processed oat and barley 
samples (kernels, thick and thin flakes). Chemopreventive effects of FS, such as growth inhibition, apoptosis, and induction 
of cell cycle- and redox-relevant genes (p21, SOD2), were analysed in LT97 colon adenoma cells. After fermentation, pH 
values were reduced (∆ pH − 1.3, on average) and SCFA concentrations were increased (∆ + 59 mmol/L, on average) with a 
shift towards butyrate formation in FS obtained from oat and barley samples compared to the fermentation negative control 
(FS blank). Ammonia was reduced more effectively in FS obtained from barley (∆ − 4.6 mmol/L, on average) than from oat 
samples (∆ − 1.0 mmol/L, on average). Treatment of LT97 cells with FS resulted in a time- and dose-dependent reduction 
of cell number, an increase in caspase-3 activity (up to 9.0-fold after 24 h, on average) and an induction of p21 (2.1-fold, 
on average) and SOD2 (2.3-fold, on average) mRNA expression, while no genotoxic effects were observed. In general, the 
results indicate no concrete effect of the type of cereal or processing stage on fermentation and chemopreventive effects of 
oat and barley.
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Introduction

A regular consumption of dietary fibre and whole grains is 
associated with a reduced risk for colon cancer development. 
Furthermore, additional health-promoting effects of diets 

containing high amounts of dietary fibre and whole grains 
have been described regarding a risk reduction of cardiovas-
cular disease and type II diabetes [1–4]. In particular, cereals 
with high amounts of the soluble dietary fibre β-glucan such 
as oat and barley have been well studied and approved to 
positively regulate cholesterol and glucose levels in humans 
[5, 6]. It can be assumed that a regular intake of oat and 
barley may also contribute to colon health or a reduction of 
colon cancer risk.

On the cellular level, dietary fibre exhibits chemopreven-
tive effects via its metabolites such as short-chain fatty acids 
(SCFA), particularly butyrate, after fermentation by the 
microbiota in the colon [7–9]. Therefore, the “blocking” and 
“suppressing” activities of the well-studied chemopreventive 
agent butyrate [9] may be at least one mechanism by which 
oat and barley could contribute to colon cancer prevention. 
In recent studies, we studied the chemopreventive effects of 
in vitro digested and fermented oat and barley (beta®barley) 
samples in LT97 colon adenoma cells and the impact of 
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heat treatment (roasting) on these effects [10, 11]. We have 
shown that roasting had no effect on fermentation character-
istics such as SCFA formation or on end points of chemopre-
vention such as induction of apoptosis and growth inhibition. 
The aim of the present study was to examine the impact 
of the processing degree of oat and barley (beta®barley) 
on end points of fermentation and chemoprevention. Until 
now, only a few studies have investigated similar effects of 
differentially processed oat samples regarding fermentation 
profiles such as SCFA formation [11–13]. But, there is no 
sufficient information available on how processing, such as 
flaking, affects the chemopreventive effects of oat and bar-
ley products. The effects of processing on physicochemi-
cal properties such as viscosity and the resulting impact 
on physiological effects such as cholesterol and glycaemic 
response-lowering capacity have been extensively studied 
for different types of oat and barley products and in differ-
ent types of studies [14–20]. For example, flaking involves 
heat-moisture treatments, which modify the physicochemical 
characteristics of β-glucan such as molecular weight and 
viscosity [21]. The altered structural and physicochemical 
properties of oat and barley products may also affect diges-
tion and fermentability as well as the resulting chemopre-
ventive metabolites and effects. Therefore, in the present 
study, differentially processed and commercially available 
oat and barley samples (kernels, thick flakes, and thin flakes) 
were directly compared after an in vitro simulated diges-
tion and fermentation regarding fermentation outcomes (pH, 
concentrations of SCFA, and ammonia). Furthermore, the 
chemopreventive effects (growth inhibition, apoptosis, gene 
expression of cell cycle and antioxidant genes) were ana-
lysed in LT97 colon adenoma cells as model of early colon 
carcinogenesis.

Materials and methods

Oat and barley samples

Oat kernels as well as thick and thin flakes were obtained 
from Peter Kölln (Elmshorn, Germany). Barley kernels and 
the respective thick and thin flakes of a special waxy winter 
barley variety (beta®-barley) with a high β-glucan content 
were obtained from Dieckmann Cereals (Rinteln, Germany).

In vitro digestion and fermentation of oat 
and barley samples

Oat and barley samples were subjected to an in vitro simu-
lated digestion and batch fermentation as described previ-
ously [10]. In brief, 0.5 g of the samples and the fermentation 
positive control (Orafti®Synergy1, Beneo, Mannheim, Ger-
many) were reconstituted with 10 ml anaerobic potassium 

phosphate buffer (0.1 M, pH 7.0). A blank sample without 
fermentable substrate served as fermentation negative con-
trol. Simulation of the digestion was carried out as follows: 
mouth (17.36 U/sample α-amylase, 5 min, 37 °C), stomach 
(1.11 mg pepsin in 0.94 mL 20 mM HCl, pH 2.0, 2 h, 37 °C) 
and small intestine (0.026 g pancreatin and 0.003 g oxgall 
in 5 mL of 11 mM bicarbonate buffer; pH 6.5, 6 h, 37 °C in 
a dialysis membrane, molecular weight cut-off: 500–1000 
Dalton). To simulate the fermentation in the colon, the reten-
tates were mixed with a faeces inoculum mixture obtained 
from at least three healthy donors. After adjusting the pH 
values of each sample to 6.5, the fermentation was carried 
out under anaerobic conditions (24 h, 37 °C). Subsequently, 
pH values were measured and fermentation supernatants 
(FS) were obtained by centrifugation (4200 × g for 30 min, 
4200 × g for 15 min, and 16,000 × g for 15 min, 4 °C). FS 
were stored at − 80 °C until use. FS were sterile filtered 
prior to use (Millipore filter, 0.22 µm). The faeces collec-
tion was approved by the Ethics Committee of the university 
hospital of the Friedrich Schiller University Jena. Written 
informed consent was obtained from all subjects.

Determination of SCFA concentrations

The concentrations of SCFA in FS of oat and barley samples 
were measured in duplicate by gas chromatography (GC, 
GC-17A V3 equipped with an autosampler AOC-5000 and 
a flame ionisation detector, Shimadzu, Jena, Germany) as 
described elsewhere [22].

Determination of ammonia concentrations

Ammonia concentrations in FS obtained from oat and bar-
ley samples were measured according to Schlörmann et al. 
[10] on the basis of the Berthelot reaction [23]. Values were 
calculated based on the standard dilution series of ammonia 
chloride.

Culture of LT97 colon adenoma cells

The human colorectal adenoma cell line LT97 (a kind gift 
from Professor B. Marian, Institute for Cancer Research, 
University of Vienna, Austria) was prepared from colon 
microadenoma of a patient suffering from hereditary famil-
iar polyposis coli [24]. The genetic characteristics of these 
cells are a mutation in the K-ras oncogene, a deletion of 
both alleles of the tumour suppressor gene APC and a nor-
mally expressed p53 gene [24, 25]. The culture conditions 
are described in detail by Schlörmann et al. [26].
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DAPI assay

The DAPI (4′,6-diamidino-2-phenylindol) assay was used 
to analyse the growth-inhibitory effects of FS obtained 
from oat and barley samples on LT97 colon adenoma cells 
as described previously [27]. In brief, LT97 cells were 
seeded into 96-well plates and grown to a confluence of 
20–30%. Cells were treated with 2.5%, 5%, 10% and 20% 
of FS obtained from oat and barley samples and fermenta-
tion controls (blank, Synergy1®) for 24 h, 48 h and 72 h. 
Then cells were fixed with methanol (5 min, 37 °C) and 
stained with DAPI (20 µM, 30 min, 37 °C). The DNA con-
tent as reflection of the cell number was recorded at Ex/
Em of λ = 360/450 nm (SpectraFluor Plus, Tecan Germany, 
Crailsheim, Germany) in six technical replicates per experi-
ment. The blank-corrected results were calculated as relative 
cell numbers based on the medium control, which was set to 
100%. To identify sub-toxic concentrations,  EC25 and  EC50 
values were determined via nonlinear regression/one-phase 
exponential decay (GraphPad Prism®, GraphPad Software, 
San Diego, CA, USA) and 2.5% and 5% of FS were cho-
sen as concentrations below  EC50 for further cell culture 
experiments.

Caspase assay

The caspase assay was used to determine the apoptotic 
effects of FS obtained from oat and barley samples in com-
parison to FS obtained from fermentation controls (blank, 
Synergy1®). The method has been described in detail pre-
viously [28]. Briefly, LT97 cells were seeded into six-well 
plates and grown to a confluence of 50–60%. Cells were 
treated with 2.5% and 5% FS for 24 h or 48 h and 4 mM 
butyrate as positive control. Caspase-3 activity in cell lysates 
was measured using a caspase-3-specific substrate and inhib-
itor (Ac-DEVD-AMC, Ac-DEVD-CHO, Enzo Life Science, 
Lörrach, Germany). Results were calculated relative to the 
medium control, which was set to 1.

Comet assay

The alkaline version of the Comet assay was performed 
to analyse the genotoxic effects of FS obtained from oat 
and barley samples in LT97 cells as described earlier [29] 
with minor modifications. In brief, cells were grown in six-
well plates to a confluence of 50–60%. LT97 cells were 
treated with 2.5% and 5% FS. After treatment for 24 h, cells 
were harvested and washed with PBS. Cell numbers were 
adjusted to 0.1 × 106, mixed with 45 μl 0.7% low-melting 
agarose (Biozym, Hessisch Oldendorf, Germany) and spread 
onto pre-coated (0.5% normal melting agarose, Biozym) 

microscopic slides. The Comet assay procedure and detec-
tion of DNA damage (% TI, tail intensity; means of 100 
counted cells) are described by Glei et al. [29].

Analysis of p21 and SOD2 mRNA expression

The expression of p21 and SOD2 mRNA was measured 
in treated LT97 cells (5% FS, 4 mM butyrate, 24 h). The 
isolation, reverse transcription and qPCR procedure and 
conditions have already been described in detail previously 
with slight modifications [28]. In brief, cell lysis and RNA 
isolation were performed using the NucleoSpin® RNA 
Plus Kit (Machery-Nagel, Düren, Germany) according to 
the manufacturer`s instructions. RNA integrity was ana-
lysed using the Agilent RNA 6000 Nano Kit and the Agi-
lent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, 
Germany) according to the manufacturer’s instructions. All 
RNA samples revealed a RIN (RNA integrity number) > 9. 
Complementary DNA was transcribed from 1.5 μg total 
RNA as described in detail earlier [28]. After dilution of 
cDNA samples (1:50 in RNAse-free water), qPCR experi-
ments were performed in duplicate in a 10 μL reaction mix 
using the GoTaq® qPCR Master Mix (Promega, Mannheim, 
Germany) for SOD2, the SsoAdvanced™ Universal SYBR® 
Green Supermix (Bio-Rad Laboratories, Munich, Germany) 
for p21, and the CFX Connect Real-Time PCR Detection 
System (Bio-Rad Laboratories). The following gene-specific 
primers (10 pmol) were used for qPCR experiments: p21 
forward 5′-CAC TGT CTT GTA CCC TTG TG-3′ and reverse 
5′-CTT CCT CTT GGA GAA GAT -3′, SOD2 forward 5′-GCC 
CTG GAA CCT CAC ATC AAC-3′ and reverse 5′-CAA CGC 
CTC CTG GTA CTT CTC-3′, β-actin forward 5′-AGA GCC 
TCG CCT TTG CCG AT-3′ and reverse 5′-CCC ACG ATG 
GAG GGG AAG AC-3′, GAPDH forward 5′-ACC CAC TCC 
TCC ACC TTT GAC-3′ and reverse 5′-TCC ACC ACC CTG 
TTG CTG TAG-3′. The qPCR for SOD2 included the fol-
lowing steps: initial denaturation (2 min, 95 °C), 40 cycles 
of denaturation (15 s, 94 °C), annealing (15 s, 58 °C) and 
extension (20 s, 72 °C), followed by a final extension step 
(10 s, 95 °C). The qPCR for p21 included an initial denatura-
tion (2 min, 95 °C), 40 cycles of denaturation (30 s, 94 °C), 
annealing (30 s, 58 °C) and extension (40 s, 72 °C), followed 
by final extension (10 min, 72 °C). Both protocols included 
a final melting curve analysis. The mRNA expression of 
SOD2 and p21 was normalised to the geometric mean of two 
reference genes (β-actin, GAPDH) based on the equation 
of Pfaffl et al. [30]. Statistical analysis was performed with 
 log2-transformed data [31].

Statistical analyses

Means and standard deviations of at least three independ-
ent experiments (unless stated otherwise) were calculated 

European Food Research and Technology (2021) 247:569–578 571



1 3

and statistical differences were analysed by one-way or two-
way ANOVA and Ryan–Einot–Gabriel–Welsh F post hoc 
test. For comparison of two groups, the unpaired Student’s 
t test was used. Statistical analyses were performed using 
the SPSS Statistics software for Windows version 25 (IBM 
Corporation, Armonk, NY, USA).

Results

pH values and SCFA concentrations

After fermentation, pH values of 4.8 were measured in FS 
obtained from oat and barley samples as well as the fer-
mentation positive control (FS Orafti®Synergy). Thus, 
these values were considerably lower than the pH value 
of the fermentation negative control (FS blank, pH = 6.1) 
(Table 1). This reduction of pH values was associated with 
an increase in SCFA (acetate, propionate, butyrate). SCFA 
concentrations measured in the FS obtained from oat and 
barley samples ranged between 94.9 and 99.5  mmol/L 
(Table 1). A similar value was obtained for FS Synergy1® 
(96.4 mmol/L), whereas the blank FS contained the lowest 
concentrations of SCFA (38.6 mmol/L). Furthermore, higher 
molar ratios of butyrate were determined for FS obtained 
from oat and barley samples (17.9–21.6%) and Synergy1® 
(18.6%) compared to the blank FS (15.7%) (Table 1). The 
shift of molar ratios towards butyrate in FS obtained from 
oat and barley samples was associated with lower levels of 
propionate (17.4–19.4%) and slightly higher levels of acetate 
(60.1–63.7%) compared to FS blank (propionate: 24.7%, 
acetate: 59.6%). Proportions of propionate (16.9%) and 
acetate (64.5%) in FS obtained from Synergy1® were com-
parable to that of FS obtained from oat and barley samples. 

Interestingly, proportions of propionate in FS obtained from 
thick and thin oat and barley flakes were slightly higher than 
in FS obtained from the respective kernels. In contrast, por-
tions of butyrate were slightly lower in FS obtained from 
thick and thin oat and barley flakes than in FS obtained from 
the respective kernels.

Ammonia concentrations

Ammonia concentrations in FS obtained from bar-
ley samples (kernels: 11.8 ± 0.5  mmol/L, thick flakes: 
15.2 ± 0.7 mmol/L, thin flakes: 13.8 ± 0.5 mmol/L, p < 0.05) 
were significantly lower than in the blank FS (18.2 mmol/L) 
and the FS obtained from the respective oat samples (ker-
nels: 16.4 ± 0.4 mmol/L, thick flakes: 18.1 ± 0.5 mmol/L, 
thin flakes: 17.1 ± 0.2 mmol/L) (Table 1). Here, a signifi-
cant reduction of ammonia, in comparison to the blank FS, 
was only observed for oat kernels (p < 0.05). The strongest 
reduction of ammonia was measured in FS obtained from 
Synergy1® (5.7 ± 0.8 mmol/L).

Growth inhibition

Treatment of LT97 cells with FS obtained from oat and 
barley samples resulted in a time- and dose-dependent 
inhibition of cell growth (Fig. 1). After treatment for 24 h 
with 2.5–20% FS obtained from oat and barley samples, 
mean cell numbers were reduced to 63.4–26.2% compared 
to the medium control, which was set as 100% (Fig. 1A). 
This reduction was comparable to that observed for 
2.5–20% of the fermentation positive control (FS Syn-
ergy1®), which caused a reduction to 67.4–21.3%. Treat-
ment with 2.5–20% of the fermentation negative control 
(FS blank) led to a reduction to 74.4–9.8%. The most 

Table 1  pH values, SCFA concentration, molar ratio of main SCFA, and ammonia concentrations in FS of oat and barley samples

Results are presented as means of two or as means ± SD of three (a) independent measurements. Significant differences between ammonia con-
centrations measured in blank, Synergy1® and FS obtained from oat and barley samples (a, b, c, d, e, fp < 0.05, different letters represent statistically 
different results) were obtained by one-way ANOVA and F test according to Ryan–Einot–Gabriel–Welsh
FS fermentation supernatant, SCFA short-chain fatty acids

FS controls FS oat samples FS barley samples

Blank Synergy1® Kernels Thick flakes Thin flakes Kernels Thick flakes Thin flakes

pH 6.1 4.8 4.8 4.8 4.8 4.8 4.8 4.8
Acetate [mmol/L] 23.0 62.2 61.8 62.9 63.2 57.1 61.1 59.9
Propionate [mmol/L] 9.5 16.3 16.9 18.1 18.5 17.3 18.7 18.8
Butyrate [mmol/L] 6.1 17.9 18.3 18.2 17.8 20.5 18.6 18.3
∑ SCFA [mmol/L] 38.6 96.4 96.9 99.2 99.5 94.9 98.4 97.0
Molar ratio acetate [%] 59.6 64.5 63.7 63.4 63.5 60.1 62.1 61.8
Molar ratio propionate [%] 24.7 16.9 17.4 18.3 18.6 18.3 19.0 19.4
Molar ratio butyrate [%] 15.7 18.6 18.9 18.3 17.9 21.6 18.9 18.8
Ammonia [mmol/L] (a) 18.2 ± 0.6a 5.7 ± 0.8f 16.4 ± 0.4c, b 18.1 ± 0.5a 17.1 ± 0.2a, b 11.8 ± 0.5e 15.2 ± 0.7c 13.8 ± 0.5d
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intense growth inhibition was observed after 48 h (down 
to 48.2–5.1% on average, Fig. 1B) and 72 h (down to 47.0-
1.0% on average, Fig. 1C) of treatment with 2.5–20% FS 
obtained from oat and barley samples. Here, 2.5%, 5% and 
10% of fermented oat and barley samples as well as FS of 
Synergy1® significantly reduced LT97 cells numbers in 
comparison to the FS blank (p < 0.05). No distinct dif-
ferences were observed between treatments with oat or 
barley samples or different processing degrees (kernels 
or flakes). Based on this results, 5% FS was chosen as 

highest “sub-toxic” concentrations for further cell culture 
experiments.

Genotoxic effects

To exclude genotoxic effects of FS, LT97 cells were treated 
with 5% FS obtained from oat and barley samples as well 
as fermentation controls (blank, Synergy1®) and subjected 
to Comet assay analysis. With a mean tail intensity (TI) of 
39.6%, the positive control  H2O2 (75 µM) induced significant 

Fig. 1  Relative cell number 
[%] calculated on the basis of 
the medium control (dashed 
line), which was set 100% 
(mean + SD, n = 3). LT97 cells 
were treated with different con-
centrations (2.5–20%) of fer-
mentation supernatants (FS) 
obtained from oat and barley 
samples as well as fermenta-
tion controls (FS blank, FS Syn-
ergy1®) for A 24 h, B 48 h, and 
C 72  h. Significant differences 
between cells treated with FS 
blank and cells treated with FS 
of Synergy1® and oat as well 
as barley samples (#p < 0.05) 
and significant differences 
between cells treated with dif-
ferent concentrations of FS 
(a, b, c, dp < 0.05, different letters 
represent significantly different 
results) were obtained by one-
way ANOVA and F test accord-
ing to Ryan–Einot–Gabriel–
Welsh
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DNA damage compared to the medium control (negative 
control, TI = 4.2%, p < 0.05). Tail intensities induced by FS 
obtained from oat and barley samples as well as FS blank 
and Synergy1® were in the range of 3.5–4.0% (Fig. 2). Thus, 
these TIs were comparable to that induced by the medium 
control. Differences between oat and barley samples were 
not found.

Induction of apoptosis

To analyse apoptotic effects of oat and barley, caspase-3 
activity was measured in LT97 cells after treatment with 
5% FS obtained from oat and barley samples and fermen-
tation controls (FS blank, FS Synergy1®). The positive 
control butyrate (4 mM) significantly increased caspase-3 
activity in comparison to the medium (set as 1) after 24 h 
(13.2-fold, p < 0.05) and 48 h (11.1-fold, p < 0.05) treatment 
(Fig. 3A, B). The FS obtained from Synergy1® led to sig-
nificantly higher caspase-3 activity levels after 24 h (10.2-
fold, p < 0.05) and 48 h (8.0-fold, p < 0.05) than the FS of 
the blank, which had no significant increasing effect (24 h: 
2.2-fold, 48 h: 1.6-fold). Similar significant increases were 
induced by FS obtained from oat and barley samples. After 
24 h, caspase-3 activity was enhanced 9.2-fold (p < 0.05), 
8.8-fold (p < 0.05) and 6.6-fold (p < 0.05) by FS obtained 
from oat kernels and thick as well as thin oat flakes, respec-
tively. Slightly higher increases were measured after treat-
ment with FS obtained from barley kernels (11.7-fold), thick 

barley flakes (9.3-fold) and thin barley flakes (8.3-fold) 
(Fig. 3A). After 48 h, the significant increase of caspase-3 
activities ranged between 5.1- and 7.7-fold (p < 0.05) after 
treatment with FS obtained from oat samples and between 
6.3- and 8.8-fold (p < 0.05) after incubation with FS obtained 
from barley samples (Fig. 3B).

Modulation of mRNA expression of p21 and SOD2

Treatment of LT97 cells with FS obtained from oat and bar-
ley samples resulted in significantly higher levels of p21 
mRNA in the range of 1.7- to 2.5-fold (p < 0.05) (Fig. 4A) 

Fig. 2  Tail intensity [%] after treatment of LT97 cells with 5% fer-
mentation supernatants (FS) obtained from oat and barley samples 
as well as fermentation controls (FS blank, FS Synergy1®) for 24 h 
(mean + SD, n = 4). Significant differences between cells treated with 
medium (NC) and cells treated with FS obtained from oat and barley 
samples as well as with the positive control (PC, 75 µM  H2O2) were 
tested with one-way ANOVA and F test according to Ryan–Einot–
Gabriel–Welsh (*p < 0.05)

Fig. 3  Relative activity of caspase-3 presented as fold changes on 
the basis of a medium control, which was set 1 (dashed line). LT97 
cells were treated with 5% fermentation supernatants (FS) obtained 
from oat and barley samples and controls (4 mM butyrate, FS blank, 
FS Synergy1®) for A 24  h and B 48  h (mean + SD, n = 5). Signifi-
cant differences compared to the medium-treated cells (#p < 0.05) 
and significant differences between FS- or butyrate-treated cells (a, b, 

c, dp < 0.05, different letters represent significantly different results) 
were obtained by two-way ANOVA and F test according to Ryan–
Einot–Gabriel–Welsh
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than incubation with FS blank (0.9-fold). Similarly, FS 
obtained from Synergy1® also induced a significant increase 
of p21 mRNA levels (2.0-fold, p < 0.05). This increase of 
p21 mRNA expression by FS obtained from oat and barley 
samples was comparable to that induced by the positive con-
trol butyrate (2.9-fold, p < 0.05).

SOD2 mRNA expression was significantly higher in LT97 
cells after treatment with FS obtained from oat and barley 
samples (2.0- to 2.8-fold, p < 0.05) as well as Synergy1® 
(2.5-fold, p < 0.05) than after incubation with FS blank (1.0-
fold). Butyrate increased SOD2 mRNA levels 1.5-fold. In 
general, no significant differences were observed between 
treatments with oat or barley samples or different process-
ing degrees.

Discussion

Several studies already examined the impact of processing 
(e.g. flaking, extrusion) on oat and barley as well as on oat- 
or barley-derived β-glucans regarding their physiochemi-
cal properties, such as viscosity, and health-promoting 
properties, particularly their cholesterol and glucose regu-
lating potential [14, 16, 18–21, 32, 33]. Processing such as 
flaking involves heat-moisture treatments, which modify 
the physicochemical characteristics of β-glucan and other 
compounds (e.g. starch) [20, 21, 32], which might affect 
the digestibility and fermentability of oat and barley prod-
ucts. But until now, studies investigating the impact of 
processing such as flaking on the fermentation profile [12, 
13] and resulting consequences for their chemopreventive 
potential are rare. In recent studies, we investigated the 
impact of heat treatment (roasting) on fermentation char-
acteristics and chemopreventive effects of oat and barley 
flakes [10, 11] in separate fermentation experiments. Fur-
thermore, we found higher viscosities for oat and barley 
flakes than for the respective kernels [34, 35]. Therefore, 
the focus of the present study was to examine the end 
points of fermentation and chemoprevention in oat and 
barley samples with different degrees of processing (ker-
nels, thick flakes, and thin flakes).

The results obtained after fermentation of oat and bar-
ley samples revealed no impact of the processing degree on 
the fermentation profile. Overall, pH values were reduced, 
SCFA concentrations were increased and ammonia con-
centrations were reduced, particularly after fermentation of 
barley samples. Here, fermentation of kernels led to signifi-
cantly lower ammonia levels than the fermentation of flakes, 
which might indicate a better accessibility and proteolytic 
fermentability in flakes. Furthermore, the proportions of 
butyrate were increased in FS of the cereals. In general, 
these results are in line with the results obtained in former 
studies [10, 11], and concentrations of SCFA and ammo-
nia nearly reflect the in vivo situation of 70–140 mM for 
the proximal colon [36] and 30 mM for human faeces [37], 
respectively. In contrast to our study, other studies revealed a 
more propionate-rich fermentation profile after fermentation 
of oat products [12, 13, 38] or β-glucan derived from oat and 
barley [39]. These higher propionate concentrations might 
be the result of using different food matrices such oat bran 
[38] and isolated glucans [39]. For example, fermentation of 
oat flours results in a fermentation profile, which is also rich 
in butyrate [40]. Furthermore, a pH-controlled fermentation 
procedure such as that performed by Connolly et al. [12] and 
Hughes et al. [39] results in a propionate-rich fermentation 
profile, while acidification during fermentation, as reflected 
by our results, favours butyrate formation [41]. In the present 
study, marginal differences were observed in the proportions 

Fig. 4  Relative expression of A p21 and B SOD2 mRNA presented 
as fold changes on the basis of a medium control, which was set 1 
(dashed line). LT97 cells were treated with 5% fermentation super-
natants (FS) obtained from oat and barley samples as well as con-
trols (4 mM butyrate, FS blank, FS Synergy1®) for 24 h (mean + SD, 
n = 3, *n = 2). Significant differences between cells treated with the 
particular FS obtained from oat and barley samples as well as with 
butyrate (a, bp < 0.05, different letters represent significantly differ-
ent results) were obtained from  log2-transformed data by two-way 
ANOVA and F test according to Ryan–Einot–Gabriel–Welsh
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of butyrate and propionate in kernels and flakes, particularly 
thin flakes. Whether this small increase of propionate with 
a simultaneous decrease of butyrate in thin flakes compared 
to kernels might indicate an effect of the processing degree 
has to be investigated in more detail in further experiments. 
Connolly et al. for example found nearly threefold higher 
concentrations of butyrate after fermentation of thick com-
pared to thin oat flakes [12].

Since butyrate is a well-known chemopreventive agent 
[7, 9] and high ammonia concentrations resulting from pro-
teolytic fermentation are associated with adverse effects 
regarding colon health [37, 42], the increase of butyrate and 
decrease of ammonia might be associated with a reduced 
risk for colon cancer development. Butyrate might also be 
responsible for the inhibitory effects of FS obtained from 
oat and barley samples on LT97 colon adenoma cell growth 
via induction of apoptosis as reflected by increased cas-
pase-3 activity levels. Similar effects on colon adenoma or 
carcinoma cells by FS obtained from different dietary fibre 
sources, such as wheat aleurone [43], bread [27] and nuts 
[28] or by butyrate alone [44, 45], have been reported earlier 
and may be mainly mediated by the function of butyrate as 
histone deacetylase inhibitor [7–9]. In a recent study, we 
demonstrated growth-inhibitory and apoptotic effects of FS 
obtained from differentially roasted oat and barley flakes 
[10, 11]. Here, the heat treatment had no distinct impact 
on growth inhibition and caspase-3 activity. Similarly, in 
the present study no significant differences were detected 
between growth-inhibitory and apoptotic effects of FS 
obtained from kernels and thick and thin flakes, though there 
is a marginal decrease in the induction of capsase-3 activity 
from kernels to thin flakes (average ∆ fold-change: 2.5–3.4). 
This may be explained by the above-mentioned small differ-
ences in butyrate concentrations. Though butyrate may be 
mainly responsible for the observed effects, the FS obtained 
from oat and barley kernels and flakes represent complex 
mixtures of different metabolites, which might contribute 
to the induction of growth inhibition and apoptosis. For 
example, similar effects have been described for propion-
ate, although to a lesser extent [27, 44, 46]. Furthermore, 
secondary bile acids such as deoxycholic acid (DCA) result-
ing from the faeces matrix might be responsible particularly 
for the growth-inhibitory effects of the fermentation blank 
control. Several studies indicate that secondary bile acids 
such as DCA reduce the growth of colon adenoma or car-
cinoma cells [47–49]. The blank FS might contain higher 
concentrations of DCA than FS obtained from oat and bar-
ley samples as shown earlier in fermentation experiments 
with other dietary fibre sources [50]. Furthermore, Naumann 
et al. [51] demonstrated that dietary fibre-enriched food 
interacts with bile acids and that particularly oat and bar-
ley have highly adsorptive properties for bile acids such as 
DCA. In contrast to the above-mentioned growth-inhibiting 

effects of bile acids on colon cancer cells, continuously high 
concentrations of secondary bile acids are associated with an 
increased colon cancer risk [47, 52]. Therefore, a reduction 
of DCA by dietary fibre may exhibit positive effects regard-
ing colon health. Nevertheless, synergistic effects on cell 
growth and apoptosis by other metabolites resulting from 
fermentation of oat and barley samples cannot be excluded. 
Furthermore, the elevated levels of p21 mRNA expression 
induced in LT97 cells by FS obtained from oat and barley 
samples might indicate that an initiation of cell cycle arrest 
may contribute to the growth-inhibitory effects. A geno-
toxic contribution to growth inhibition and apoptosis can 
be excluded since tail intensities were not increased by FS 
obtained from oat and barley samples, at least for the time 
points and concentrations used in the present study.

An increase of p21 mRNA levels in LT97 cells after treat-
ment with FS obtained from other dietary fibre sources has 
already been shown [28, 53]. Again, this gene-modulatory 
effect of oat and barley FS in LT97 cells may be mediated at 
least partly by butyrate via its function as histone deacety-
lase inhibitor. The modulation of cell cycle-relevant genes 
by butyrate in colon adenoma [45, 53] or carcinoma cells 
[8, 53–55] has been shown in several studies. Furthermore, 
the induction of the antioxidant-relevant gene SOD2 by FS 
obtained from oat and barley samples may also be partly 
attributed to butyrate as shown in earlier studies [28]. The 
modulation of gene expression by FS obtained from oat and 
barley samples was unaffected by the degree of processing.

Taken together, the results indicate that the fermented 
oat and barley samples exhibit chemopreventive effects via 
“suppressing” and “blocking” activities, which are at least 
partly mediated by butyrate as fermentation product. Never-
theless, FS obtained from oat and barley samples represent 
complex mixtures of metabolites and other compounds or 
mechanisms might contribute to the observed effects. Impor-
tantly, only marginal differences were observed in the fer-
mentation profile of kernels, thick and thin flakes and the 
chemopreventive effects of fermented oat and barley samples 
were largely unaffected by the degree of processing or the 
type of cereal.
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